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Chapter I. Introduction 
Polymers have been widely used as electrical insulation materials since the early 20th century. The 
dielectric properties of insulation polymers can change over time, however, due to various aging 
processes such as exposure to heat, humidity and mechanical stress. In part of the research presented 
in this thesis, the dielectric properties of three electrical insulation polymers following various 
environmental aging processes have been investigated.  
Polymer-clay nanocomposites display improved dielectric, thermal and mechanical characteristics 
compared with pure polymers, without requiring any significant change of polymer processing. Thus, 
nanocomposite materials are considered promising for electrical insulation in the near future.  The 
second aspect of research presented in this thesis investigates the dielectric properties of Poly(methyl 
methacrylate) (PMMA)-Montmorillonite (MMT) nanocomposites and analyzes the effect of MMT 
loading. 
1. Study on aged polymers 
The theme of this research is focused on studying the ways in which dielectric properties of 
polymers used in electrical wiring insulation change as the material is subject to various aging 
processes, such as thermal exposure, hydrolytic aging and mechanical stress. Specifically, the 
following questions are addressed: 
a. What is the effect on permittivity, of thermal and hydrolytic exposure, and 
mechanical stress? 
b. What is the effect on dielectric breakdown strength of the same three processes? 
c. Why the dielectric properties are changed by those aging processes? 
1.1 Motivation 
Dielectric wiring insulation is used to separate electrical conductors by preventing the flow of 
charge between wires. Insulation materials function to maintain a continuous and specified value of 
permittivity over a specified range of electromagnetic field frequency and strength. Another essential 
property of wiring insulation is the dielectric strength, a field at which the material fails to resist the 
flow of current and arcing occurs. The dielectric properties of potential wiring insulation materials are 
always carefully considered to guarantee that the selected materials satisfy requirements of the 
operating environment. 
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Both the dielectric permittivity and dielectric strength of wire insulation may change over time, 
however, due to various degradation processes such as thermal aging, moisture exposure and 
mechanical degradation. For example, wiring may be improperly installed and maintained, increasing 
the risk of damage due to heat, moisture and chafing [1]. Such damage mechanisms may act acutely, 
or act to ‘age’ the insulation material over many cycles of aircraft operation. These mechanisms by 
which wire systems insulation may be degraded produce what are known as a ‘soft’ faults, which act 
to modify the impedance of the affected region of the coated wire structure, when viewed as a 
transmission line, rather than a ‘hard’ fault such as an open or short in the conductor itself. It has been 
reported [2] that aircraft suffer from undiagnosed wiring degradation which may cause short-
circuiting, fire and loss of control function. According to Captain Jim Shaw, manager of the in-flight 
fire project for the United States Air Line Pilots Association (ALPA), there are on average three fire 
and smoke events in jet transport aircraft each day in USA and Canada alone, and the vast majority 
are electrical. It was presented in Air Safety Week, in 2001, that aircraft were making emergency 
landings, suffering fire damage to the point of being written off etc, at the rate of more than one a 
month based on the experience of the previous few months. These issues remain a concern for new 
aircraft.  
Motivated by these concerns, the contribution of this work is to explore and record change in 
dielectric properties of wire insulation due to various degradation processes.  
1.2 History of wiring insulation 
Table 1 shows wiring insulation materials applied in commercial aircraft since the 1960s [1]. PVC 
(polyvinyl chloride) and Nylon were the main insulation materials from the 1960s to the 1980s. 
However, in the next decades, PI (polyimide) was almost the only wiring insulation polymer used in 
the listed airplanes. After the 1900s, another two materials, TKT 1 (Teflon -Kapton -Teflon) and 
Tefzel® ETFE (ethylene-tetrafluoroethylene), have been widely used. This work focuses on three 
polymers: PI, PTFE and ETFE. More detailed information about these polymers will be introduced in 
Chapters II, section 3. 
 
 
                                                                    
1 Teflon is a trade name for PTFE (polytetrafluoroethylene) and Kapton is a trade name for polyimide. 
 
3 
 
 
 
1.3 Technical approach 
(1) Permittivity measurement 
The permittivity is a parameter that indicates the relative charge storage capability of dielectrics in 
the presence of an electric field. The dielectric polarization and permittivity are introduced in detail in 
Chapter II, section 1. Complex permittivity measurements have been made on the sample materials 
before and after degradation, to explore the changes in permittivity and dielectric relaxations. Two 
instruments were employed to measure complex permittivity of the polymers. The first one is a 
Novocontrol Spectrometer, which is capable of measurement over frequency range from 1 µHz to 3 
GHz. A temperature-controlled sample cell also permits measurements at temperatures from -200 °C 
to 500 °C. The other one is an Agilent E4980A LCR meter coupled with a 16451 dielectric test 
fixture, which is available from 20 Hz to 2 MHz at room temperature. Dielectric spectroscopy using 
the two instruments will be introduced in detail in Chapter III. 
(2) Breakdown measurement 
Another essential property of dielectric insulators is the dielectric breakdown voltage, the point at 
which the applied voltage causes current flow in a device (transistor, capacitor etc) to increase 
uncontrollably. Breakdown in a capacitor results in the replacement of a reactive insulating 
component by either a low-resistance short circuit or open circuit, usually with disastrous 
consequences as far as the overall circuit function is concerned.  The probability of its occurrence 
must therefore be kept to an absolute minimum. Dielectric breakdown of insulation polymers before 
and after degradation processes have been measured by a DIELECTRIC RIGIDITY 6135 which can 
supply voltage up to 60 kV.  A literature review on mechanisms of electrical breakdown of polymers 
has been conducted and is summarized in Chapter II, section 2. 
(3) Thermal exposure 
Thermal exposure can significantly influence properties of polymers by changing microstructure, 
phase morphology, chemical composition, etc. The effect of thermal exposure in air on the 
permittivity of PI, PTFE and PI has been explored, which will be discussed in Chapters IV, V, and VI, 
respectively.  
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Table 1 History of wiring insulation used in commercial aircrafts 
Wiring	  insulation	  material	   Applied	  years	   Applied	  aircraft	  	   	   	  PVC/	  Nylon	   1960-­‐1980	   707,	  727,	  737,	  and	  DC-­‐8	  Slash	  6	  	   1965-­‐1985	   DC-­‐9	  Poly-­‐X	  and	  Stilan	   1970-­‐1980	   747,	  DC-­‐10/MD-­‐11	  PI	   1970	  later	   727,	  737,	  757,	  767,	  MD-­‐80/-­‐90,	  DC-­‐10/MD-­‐11,	  Lockheed	  L-­‐1011,	  Airbus	  Tefzel	   1975	  later	  	   727,	  737,	  757,	  767,	  MD-­‐80/-­‐90,	  DC-­‐10/MD-­‐11	  Tefzel/PI	  	   1980-­‐1990c	   747	  TKT	   1990	  later	   737,	  757,	  MD-­‐80/-­‐90,	  DC-­‐10/MD-­‐11	  
 
 
(4) Water and saline exposure 
There are several physical consequences of water absorption to wire insulation material including 
plasticization, swelling, and changes in dielectric properties.. Even though polyimide has very good 
electrical and physical properties, it is very susceptible to humidity, which can give rise to cracks in 
the insulation and cause electrical malfunctions.  In response to the concern that aircraft which serve 
in navy are exposed to sea water, the effect of water and saline exposure on dielectric properties of 
polyimide has been studied. Effect of saline exposure on insulating properties of PI will be presented 
in Chapter IV, sections 4 and 5. 
(5) Mechanical stress 
During cycles of aircraft operation and due to improper installation, wiring insulation materials may 
be exposed to mechanical stress, which can result in structural changes and consequently influence 
the dielectric properties of the insulation. Given this concern, the influence of mechanical strain on 
the permittivity of PTFE is investigated in Chapter V, section 3. A system capable of measuring 
dielectric permittivity while a polymer sample is simultaneously under tensile strain is designed and 
applied.   
(6) Material characterization 
Thermal analysis instruments, such as a TGA (thermogravimetric analyzer) Q50 instrument, a 
DMA (dynamic mechanical analyzer) Q800 instrument and a DSC (differential scanning calorimeter) 
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Q20 instrument, are used to investigate thermal properties of the polymers. TGA uses heat to induce 
chemical and physical changes in materials and performs a corresponding measurement of mass 
change as a function of temperature or time. In some advanced instruments, residual gases released 
from materials can be analyzed using TGA-tandem instruments, such as TGA-FTIR or TGA-Mass 
Spectrometry, to determine the identity of the released gas and give insight into the weight loss 
mechanism. DMA measures the mechanical properties of polymer material as function of temperature 
and frequency, which reveals molecular relaxations in polymers. DSC is used to measure 
temperatures and heat flow during thermal transitions (glass transition, crystallization and melting) in 
polymeric materials. The degree of crystallinity of semi-crystalline polymers can also be obtained 
from the crystallization exotherm. Those methods have been applied to investigate thermal properties 
of the three polymers, which will be presented in Chapters IV, V and VI. 
X-ray diffraction (XRD) and Infrared (IR) spectroscopy are also utilized. Both of these analysis 
methods are widely used to determine properties of polymers. XRD turns out to be a convenient and 
reliable method to investigate crystalline structure. The degree of crystallinity of polymers, which 
plays an important part in determining their dielectric properties, has been measured by XRD. IR 
spectroscopy is one of the most common spectroscopic methods applied to analyze organic 
compositions. It utilizes a Michelson interferometer and is based on IR absorption by dipolar 
molecules as they undergo vibrational and rotational transitions. Each peak in an IR spectrum 
indicates characteristic absorption regions for some commonly observed bond strength and bending 
deformations. It has been used to detect signs of oxidation due to thermal exposure of PI and ETFE. 
2. Study on PMMA-MMT nanocomposites 
The subject of this research is focused on investigating dielectric properties of polymer-clay 
nancomposite material, and analyzing effect of nanofiller on dielectric relaxation dynamics  and 
conduction mechanism and.  Specifically, the following questions are addressed: 
a. What is the effect on interfacial polarization? 
b. What is the effect on molecular relaxations of the polymer matrix? 
c. What is the effect on glass transition of the polymer matrix? 
d. What is the effect on conductivity? 
2.1 Motivation 
Polymer nanocomposites can be defined as multiphase materials with nanometer-sized (1-100 nm) 
fillers dispersed in a continuous polymer matrix. Even a small loading of nanofillers, which have 
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remarkably larger surface as compared to micrometer-sized fillers of the same volume, can give rise 
to strong interaction with the polymer matrix. [3] Consequently, the nanocomposite material reveals 
upgraded characteristics without any change of polymer processing, such as excellent flame 
retardancy, decreased thermal expansion, and enhanced mechanical and dielectric properties. In the 
1980s, the Toyota Central Research and Development Laboratories developed the first polymer-clay 
nanocomposite, Nylon 6- Montmorillonite (MMT) nanocomposites, which has been used by Toyota 
for tough, heat resistant, nylon timing belt covers [4] [5].  
In the field of dielectrics and electrical insulation, polymer nanocomposites are known for their 
excellent dielectric properties and are the subject of intensive research. For example, polymer-clay 
nanocomposites are considered promising as electrical insulation for power apparatus, cables and 
wires in the near future due to their good insulating capabilities, flame retardance and mechanical 
properties [6]. Thermoplastic and thermoset resins reinforced by nanoparticles of clay, silica, rutile 
and alumina have been developed and studied [4]. Changes in dielectric properties of composite 
materials due to nanofiller loading have been widely observed by experimental measurement. 
However, the way in which nanofillers influence permittivity of composite materials is considered 
complicated and not conclusive yet.  The contribution of this work is to investigate the conduction 
mechanism and dielectric relaxations dynamics of a polymer-clay nanocomposite material, by 
modeling frequency dependence of permittivity of the material based on parametric functions. 
2.2 Sample material 
In this study, polymethylmethacrylate (PMMA)-Montmorillonite (MMT) nanocomposite, produced 
by in-situ polymerization of PMMA, is investigated. Among those inorganic additives mentioned in 
section 2.1, MMT, a clay mineral, is the most commonly used due to its sandwich-structure silicate 
layers with a fundamental unit of a 1-nm-thick planar structure [7] [8]. Stacking of the layers leads to 
a regular van der Waals gap between the layers called the interlayer or gallery. The layer silicate 
aggregates of MMT can be dispersed on a nanometer level in an engineering polymer and can be 
more easily intercalated or exfoliated by various polymers [3] [7]. The structure of MMT and its 
effect on dielectric properties of nanocomposite materials are introduced in Chapter II, section 4. 
PMMA is an amorphous thermoplastic polymer possessing high strength, superior dimensional 
stability and excellent outdoor wearing properties. PMMA reveals α-relaxation from 85 to 165 ºC, 
which is associated with main chain motions in the form of glass transition, and β-relaxation below Tg 
due to the hindered rotation of the methacrylate side group [9] [10]. The synthesis of the 
nanocomposite material is discussed in Chapter VII, section 1. 
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2.3 Effect of MMT loading on dielectric permittivity  
The effect of MMT nanofillers on dielectric permittivity is partly associated with changes in 
dielectric relaxations due to the inherent heterogeneity of a nancomposite material. As a small volume 
fraction of nanofillers can contain billions of nanoparticles, most of the polymer chains in a typical 
nanocomposite are located in the vicinity of one or more MMT particles. The dynamics and 
segmental motion of polymer chains can change in the confined MMT galleries. Hence, the addition 
of MMT nanoparticles also is expected to influence the α- (in the form of glass transition) and β-
relaxations of the PMMA matrix.  Further, the accumulation of charge carriers at the polymer-
nanoparticle interfaces gives rise to interfacial polarization, which is absent in pure PMMA. The 
interfacial polarization, also known as Maxwell-Wagner-Sillars (MWS) relaxation, has been widely 
observed experimentally. Another effect of MMT loading on permittivity of the nanocomposite is 
enhancement of conduction at low frequency. The conductivity term of the nanocomposites is much 
stronger than for pure PMMA, due to electrical conduction introduced by ions in MMT nanofillers. 
The effect of MMT loading on conductivity, interfacial polarization/MWS relaxation and molecular 
relaxation dynamics of the nanocomposites is investigated in Chapter VII. 
2.4 Technical approach 
(1) Permittivity measurement 
The dielectric spectroscopy of the nanocomposite material is conducted by using the Novocontrol 
Dielectric Spectrometer, as described in section 1.3 and Chapter III.  
(2) Modeling of frequency dependence of permittivity 
Since the MWS, α- and β-relaxations of the nanocomposite material are merged together [9], a 
theoretical function is necessary for separate analysis of the frequency dependence of the three 
relaxations. Four classical dielectric relaxation functions have been developed and widely applied: 
Debye, Cole-Cole, Davidson-Cole, and Havriliak-Negami (HN) functions. Out of the four, the HN 
function, which describes asymmetric distributions of relaxation times, has become preferred in the 
analysis of dielectric relaxation of polymeric materials. Thus, in this work, the HN function was used 
to model the frequency dependent MWS, α- and β-relaxations of PMMA-MMT nanocomposites. 
Considering the contribution of free charge carriers to the low frequency tail of the loss maximum, an 
exponential function was used to model the low-frequency conduction of the nanocomposite. The 
criterion for a good model fitting is that the least square difference between the experimental data and 
model superposition of the dielectric relaxations plus conduction is the smallest. Adopting this 
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approach, changes to the molecular dynamics and conductivity mechanisms of PMMA-MMT 
nanocomposites as a function of MMT content have been inferred. 
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Chapter II. Literature Review 
1. Dielectric polarization and permittivity 
The primary role of electrical insulation is to maintain a continuous and specified value of dielectric 
permittivity over a specified electromagnetic field, in order to resist current flow between 
wires/cables. Due to presence of insulating medium, the capacitance is increased by a factor of the 
dielectric permittivity. The increase in capacitance is attributed with polarization of the dielectrics 
where charge distribution is distorted by applied electrical field. 
1.1 Polarization and static permittivity  
In the presence of an electric field, positive and negative charges in dielectrics are displaced from 
their equilibrium positions to form local electric dipoles and the dielectric is said to be polarized. In 
the polarized state, the charge distribution is distorted by the applied electric field E. By the principle 
of superposition, this distorted charge distribution is equivalent to the original distribution plus a 
dipole whose moment is  
 ! = !!                                                                                                                                               (1) 
 
where d is the distance vector from –Q to +Q of the dipole. To measure intensity of the polarization, 
we define that the polarization of a material at a point, P measured in Coulombs per meter (C/m), is 
the electric dipole moment per unit volume in the material: 
 ! = !!    !!                                                                                                                               (2) 
 
where τ represents volume, or 
 ! = !!!"                                                                                                                                              (3) 
 
where pav is the average electric dipole moment per polarized entity (eg. molecule, ion, etc.), with N 
of those per unit volume. [11] [12] 
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Even though the applied electric field E maintains its value, the electric flux density inside the 
dielectric material varies from what would exist were the dielectric material replaced by free space. In 
the free space part of the parallel capacitive electrodes where the electric field is applied, the electric 
flux density D0 is given by  
 !! = !!!                                                                                                                                               (4) 
 
Where ε0 = 8.854 × 10−12 F/m is the permittivity of free space. In the dielectric portion, the electric 
flux density D is related to that in free space D0 by  
 ! = !!! + !                                                                                                                                               (5) 
 
D can also be related to the applied electric field E by a parameter εs, which is static permittivity of 
the dielectric. 
 ! = !!    ∙ !                                                                                                                                         (6) 
                                                                                                             
Above, !!   is a second order tensor, which describes anisotropy in the permittivity of material. In this 
thesis, however, εs is considered as a scalar. So that,  
 ! = !!!                                                                                                                                                       (7) 
 
P can be related to E by another parameter, χe, which is called electric susceptibility. 
 ! = !!!!!                                                                                                                                              (8) 
 
Finally, we can write that  
 ! = !!! + !!!!! = !! 1 + !! ! = !!!                                                                                             (9) 
 
The relative value of εs, εr is given by  
 !! = !!!! = 1 + !!                                                                                                                                  (10) 
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which is usually referred to as the relative permittivity, or dielectric constant. The relative permittivity 
is a parameter that indicates the relative charge storage capability of dielectrics compared with free 
space. [12] [13] 
Four types of polarization mechanisms are demonstrated in Figure 1.  
a. Atomic (electronic) polarization results from shift of the electron clouds within each atom due 
to application of an electric field. This type of polarization is quite small compared with the 
polarization due to the valence electrons in the covalent bonds within the solid.  
b. Ionic polarization occurs in ionic crystals which have distinctly identified ions located at well-
defined lattice sites. Each pair of oppositely charged neighboring ions has a dipole moment in 
the presence of an electrical field.  
c. Dipolar (orientational) polarization is present in molecules possessing permanent dipole 
moments. Take NaCl solution as an example, the Na+ and Cl- ions move around randomly and 
collide with each other and the container wall, which destroy the dipole alignments. But with 
application of an electrical field, a net average dipole moment per molecule, pav, is directed 
along the field, and thus the solution exhibits net polarization. 
d. Interfacial (space charge or diffusional) polarization occurs whenever there is an accumulation 
of charge at an interface between two materials or between regions within a material. A typical 
interfacial polarization is the trapping of electrons or holes at defects at a crystal surface, at the 
interface of crystal and the electrode. Dipoles between the trapped charges can increase the 
polarization vector. Interfaces also arise in heterogeneous dielectric materials, such as 
semicrystalline polymers.  
In general a dielectric medium exhibits more than one polarization mechanism. Thus, the average 
induced dipole moment per molecule will be the sum of all polarization contributions, depending on 
which to determine dielectric permittivity of the material.  For example, interfacial polarization plays 
an important part in permittivity of semicrystalline polymers, such as PTFE and ETFE. 
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Figure 1 Various polarization processes [11] 
 
1.2  Complex permittivity 
The static permittivity is an effect of polarization under dc conditions. However, if a sinusoidal 
electrical field is applied, the polarization of the medium under these ac conditions differs from that 
of the static case. Polarization of a dielectric always fails to respond instantaneously to variations of 
an applied field due to thermal agitations which randomizes the dipole orientations and rotation of 
molecules in a viscous medium by virtue of their interactions with neighbors. Thus, the response of 
normal material to external fields generally is always causal (arising after the applied field) and 
dependent on the frequency of the field, which can be represented by a phase difference. 
Consequently, dielectric permittivity is often treated as a complex function of the frequency of the 
applied field:  
 !!!!!"# = ! ! !!  !!!"#                                                                                                                   (11) 
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where ω is frequency of the electromagnetic field, t is time, and j is the imaginary unit.  
By convention, we always write the complex dielectric permittivity as 
 !! = !!! − !!!!!                                                                                                                                       (12) 
 
For linear and causal dielectric response, the relation between the real and imaginary parts of the 
complex permittivity is expressed by the Kramers-Kronig relations [13],  
 !!! ! = 1 + !! !!!! !!!!!! !!!!!! !!!                                                                                                          (13) 
 !!!! ! = !!! !!!! !!!!! !!!!!! !!!!!                                                                                                          (14) 
 
The general features of the frequency dependence of the real and imaginary permittivity for the four 
polarization mechanisms is revealed in Figure 2. Although it shows distinctive peaks in εr'' and 
transition features in εr', in real materials these peaks and various features are often broader [11]. Fig 
3 cannot represent any one particular material, very few materials exhibit all the polarization 
mechanisms. [12] 
The energy loss is determined by εr''. In engineering applications of dielectrics in capacitors, 
smaller εr'' is always preferred for a given εr'. The relative magnitude of εr'' with respect to εr' is 
defined as tan δ, called the loss factor or dissipation factor, D. [11] 
 ! = tan ! = !!!!!!!                                                                                                                                 (15) 
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Figure 2 Schematic demonstration (not to scale) of the frequency dependence of the real and imaginary permittivity in the 
presence of interfacial, orientational, ionic and electronic polarization mechanisms [11] 
 
2. Electrical breakdown  
2.1 Breakdown and dielectric strength 
Dielectric materials are widely used as electrical insulation between conductors at different voltage 
levels to prevent the ionization of air and current flashovers between conductors. A dielectric medium 
is not only defined by its ability to increase capacitance but also, equally importantly, by its insulating 
behavior or low conductivity so that the charges are not simply conducted from one conductor to the 
other through the dielectric. However, the voltage across a dielectric material and hence the field 
within it cannot be increased without limit. Eventually a voltage is reached at which the applied 
voltage causes current flow in a device (transistor, capacitor etc) to increase uncontrollably, which 
appears as a short between the electrodes. The failure of dielectrics under electrical stress is called 
dielectric breakdown, a complex phenomenon of very considerable practical importance. 
In gaseous and many liquid dielectrics, the dielectric breakdown does not damage the material 
permanently. When the high voltage is removed, the material can sustain electrical field again till its 
voltage is sufficiently high to cause breakdown once more. However, in solid dielectrics the 
breakdown always gives rise to permanent damage. [11] The maximum filed that can be applied to an 
insulating medium without causing dielectric breakdown is called the dielectric strength, which is 
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dependent on the thickness of the medium. Usually, the dielectric strength is measured under standard 
ASTM D 149 [14] and given by the ratio between breakdown voltage in test conditions and distance 
between electrodes, which is the thickness of specimen.   
2.2 Electrical breakdown mechanism of polymer insulations 
Mechanisms of electrical breakdown in polymers can be helpful to explain how degradation 
processes influence dielectric strength of in polymeric insulation materials can be represented by the 
following models [15]: 
(i) Low-level degradation models, in which the insulating system's characteristics are deleteriously 
affected by the electric field, possibly in conjunction with other agents. 
(ii) Deterministic models, in which the ultimate breakdown event is the direct effect of some earlier 
causal event or condition produced by the exceeding of a critical electric field. 
(iii) Stochastic models in which either local physical conditions are considered to be constantly 
changing or there are local electric field variations caused by inhomogeneities such that there is a 
finite probability at any time that breakdown may occur. 
Here, low-level degrading models, electrical treeing and deterministic breakdown models are 
discussed. To conclude the discussion, two ways in which electrical and mechanical aging are related 
are discussed. 
2.2.1 Low level degradation in polymers 
Mechanisms of low-level degradation in polymers are categorized as either physical aging, 
chemical aging or electrical aging by Dissado and Fothergill [15], due to different degradation causes. 
Physical and chemical aging are considered to be important as they can influence the probability of 
breakdown and they also may be accompanied with electrical degradation when driven by an 
electrical field during service. 
Although introduced separately, all three models may be responsible for polymer degradation in 
practice. 
 
(1) Physical aging 
Physical aging is due to decrease of polymer chain segmental motions in amorphous regions. A 
physical description of the aging is usually given in terms of reduction of free volume [15]. All 
polymers contain amorphous structure [16], and free volume is the unoccupied part of volume of the 
amorphous phase [17] [18].The length of the free path depends on the size of the unoccupied part in 
the amorphous phase. 
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Arbauer [19] [20] has developed a free volume breakdown model in which electrons (either 
intrinsic or injected) gain kinetic energy by field acceleration in long free volume regions where the 
distance between scattering events is large. In a given applied electric field the electrons surmount the 
barriers to their motion in the polymer when the free volume is large enough, giving a rapid increase 
in current density, and an increase in temperature sufficient to damage the polymer and cause instant 
failure. 
According to the breakdown criterion [19], the probability that all electrons will be accelerated 
sufficiently on the free path to gain the energy necessary enough to overcome the barrier and start the 
breakdown will be attained when the voltage drop Fx attains the value 
 !" = !! = !!!                                                                                                                                        (16) 
 
where Uµ is an intrinsic property of the polymer dielectric, which is dependent only on its structure; 
Eµ is the barrier energy; F is the breakdown electric field; and x is the longest free path which depends 
on the sample size, temperature and crystallinity. Generally x is not a constant. 
Distribution of the characteristic largest value xn in a sample of size n is: 
 ! ! = !"#{−!! !!!!! !!"#}                                                                                                            (17) 
  
where N is a factor by which the sample size increases; and a is a scale parameter. 
Both the longest free path and the breakdown field are considered to depend on temperature. When 
the frequency f of thermal movements of molecules equals zero (only at zero absolute temperature), x 
has its lowest value x0 and consequently the breakdown field has the highest value F0, which only 
depends on the structure of the dielectric. At temperatures satisfying f = f(T) > 0, x increases [21] but 
the breakdown strength decreases with temperature and time, during which the polymer has been 
stressed by the applied field. 
 
(2) Chemical aging 
Chemical aging [22] usually proceeds via the formation of polymer free radicals R• following an 
initiation step X, i.e.: ! + !(!!!) → ! ∙!+   ! ∙!                        
 
Free radicals are very active chemically and lead to propagating chain scission or cross-linking 
network formation via chain reactions [15]. Two types of chain scission may occur. Either the bond 
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breaking is random in space with free radical transfer between chains or it unzips a chain by the 
ejection of volatile monomers or side group products. The former case produces degradation products 
containing large molecular weight fragments and is favored by polyethylene, whereas the latter case 
is typical of poly (α-methylstyrene) where it results in a large monomer fraction and poly (vinyl 
chloride) which dehydrochlorinates producing hydrogen chloride. The initiating step may be thermal, 
oxidative, caused by UV absorption or ionizing radiation, or mechanical. 
(3) Electrical aging 
Electric field, especially DC, can apparently lead to dissociation and transport of ionized and 
ionizable by-products, causing a deterioration of insulation performance through increased losses and 
local stress enhancements [15]. 
According to Kao's theoretical model [23] of electrical discharge and breakdown in condensed 
insulating materials, charge carrier injection and recombination play a decisive role in breaking of 
polymer chains and the creation of free radicals, low-weight molecules, and traps. Liufu and his 
coworkers [24], who believe that electrical aging is due to this gradual degradation process, 
conducted a series of experiments which indicated that electrical aging phenomena in polypropylene 
can be well interpreted on the basis of Kao's model. They also discovered that the degree of electrical 
aging can be determined by the rate of increase in the concentration of stress-created traps. 
It has been proved [20] that polyolefin degradation in the electric field under discharge conditions is 
due to the formation of free radicals, especially initiated by accelerated electrons with energy higher 
than 3.8 eV. 
2.2.2. Electrical treeing 
Electrical treeing is usually considered as a principal form of electrical degradation distinct from 
the low-level degradation mechanisms discussed in the former section [25]. It is well established that 
electrical tree shapes can be roughly characterized as branch and/or bush-shaped structures [15]. 
Electrical trees found in polymeric insulation grow in regions of high electrical stress, such as 
metallic asperities, conducting contaminant and structural irregularities [15]. Electrical treeing occurs 
in all high voltage polymeric insulation and is the principal aging process that leads directly to 
breakdown failure [26]. 
Growth of electrical trees can be divided into two steps: tree initiation and tree propagation. 
According to the model for electrical tree initiation developed by Wu and Dissado [27], the 
generation of new charge traps by the recombination of injected charges of opposite polarity from a 
divergent field stress point, is sufficient to continuously drive the system to the initiation of an 
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electrical tree. They also showed that this is achieved by the increase of trap density to the point 
where shallow traps can connect together in the form of a percolation cluster under the application of 
an electric field. Bamji et al [28] discovered that certain type or polarity of charge is required in order 
to initiate electrical treeing in LDPE (low density polyethylene). For example, it is impossible for the 
unipolar injected charge to gain sufficient energy to cause impact ionization or break bonds of the 
polymer chain. 
Propagation of electrical trees was described as two stages of a tree growth model which was based 
on partial discharge measurements [29]. Stage 1 is considered to be the growth of the first small 
branches to the opposite electrode. And stage 2 is considered to be the stage where the small branches 
will be widened to a pipe-shaped structure. Two alternative theoretical approaches to electrical tree 
propagation exist. Stochastic models [30] [31] [32] attribute tree structures to random probabilistic 
factors. On the other hand, in the discharge-valance model [33] [34], field fluctuation due to non-
uniformly distributed regions of trapped space charge is responsible. 
A kinetic [35] electrical tree growth rate formula is developed. This formula is based on a 
quantitative physical model [28] in which the propagation is considered to arise from the formation of 
electrodamage that precedes and surrounds the tree tip during the tree propagation process.  
 ! = (!/!!)!!                                                                                                                                      (18) 
 !"!" = !"!!!!!!!   !(!!!!)  exp  (!"#!!!!!!!!" )                                                                                                  (19) 
 
where X is the number of submicroscopic trees that have formed the electrical tree; L is electrical 
tree length; Lb is unit increment in electrical tree length due to the jointing of a secondary tree and is 
approximately equal to the average length of the secondary tree; df is the fractal dimension of the 
electrical tree; k and h are the Boltzmann and Planck constant, respectively; T is the absolute 
temperature; C0 is the size of the submicroscopic void; U0 is the activation energy of the breakdown 
process in physics; ε is the dielectric permittivity. E is electric field strength and α is a property of the 
material, which represents the activation area in the direction of applied electric field. 
 
2.2.3. Deterministic models of breakdown 
Breakdown in polymeric insulators is always ‘catastrophic’ in the sense that it is irreversible and 
destructive resulting in a narrow breakdown channel between the electrodes [15]. All catastrophic 
breakdown in solids is electrically power driven and ultimately thermal in the sense that the discharge 
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track involves at least the melting and probably carbonization or vaporization of the dielectric [36]. 
Deterministic models of breakdown can therefore be categorized according to the processes leading 
up to this final breakdown stage, which are subdivided into: electric, thermal, electromechanical 
(introduced in section 2.2.4) and partial discharge breakdown. 
(1) Electric aging 
The main classical models of electron driven breakdown include [15] [37]: 
a. Avalanche breakdown due to field-induced impact ionization. A high energy electron 
collides with a bound electron thereby producing a pair of free electrons which can acquire 
sufficient energy in the presence of high field to produce two more pairs of free electrons. 
Density of free electrons is thereby rapidly increased in this process and the avalanche can 
lead to a very high local energy dissipation causing local lattice disruption after a sufficient 
number of generations. Description of avalanche breakdown is in two parts: firstly the 
number of generations of ionizing collisions required to cause damage must be estimated, 
and secondly the corresponding field must be evaluated. 
b. Intrinsic breakdown due to the transfer of the energy of free electrons to the lattice so as to 
increase the lattice temperature to a critical value [15]. A recent paper [38] presents a 
percolation model for intrinsic breakdown in insulating polymers. The model starts with the 
premise that charges are present in the polymers in traps with a variable range of trap depth. 
It is shown that the trap barrier can decrease to zero for a set of sites forming a 3-D 
percolation cluster when the field becomes high enough. This will result in an abrupt 
increase in charge mobility and electron mean free path and an irreversible breakdown via 
current multiplication and impact ionization becomes possible. 
c. Zener breakdown associating with the direct excitation from valence to conduction band. It 
is nondestructive breakdown in semiconductor, occurring when the electric field across the 
barrier region becomes high enough to produce a form of field emission that suddenly 
increases the number of carriers in this region. 
 
(2) Thermal breakdown 
In thermal breakdown models [15], electrical power dissipation causes heating of at least part of the 
insulation to above a critical temperature, which results directly or indirectly in catastrophic failure. 
The general power balance equation governing thermal breakdown is: 
 !"!" = !!!! (!!! + !∇!!)                                                                                                                       (20) 
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where Cp is the specific heat; D is the density; σ is the electrical conductivity; E is the electric field; 
and κ is the thermal conductivity. Provided there is a solution such that !" = !" = 0 below the 
critical temperature, thermal breakdown will not take place. 
This general equation can be transferred to different forms for different thermal conditions. 
If thermal equilibrium is assumed, !" = !" = 0, the general equation simplifies to 
 ! !,! !! + !∇!! = 0                                                                                                                        (21) 
 
This is called steady-state breakdown which is a limiting case of general power balance in which 
the temperature rise is so slow that the thermal capacity term can be ignored. 
The opposite extreme is impulse breakdown in which the temperature rise can be considered so fast 
that thermal conductivity may be ignored. This simplifies the analysis as the temperature of the whole 
slab can always be considered uniform. In this case the insulator is considered to break down at the 
end of the impulse, i.e. the time to breakdown is the length of the impulse. The general equation 
therefore becomes: 
 !!! !"!" = !(!,!)!!                                                                                                                            (22) 
 
where Cv is the specific heat at constant volume. 
Breakdown does not usually occur on a broad front across the insulation area but at weak points. 
The temperature of a weak spot reaches the critical temperature before the rest of the insulation. Such 
behavior is difficult to analyze in a general manner as different assumptions give rise to a wide 
variety of boundary conditions. Filamentary thermal breakdown can be applied in this case which is 
illustrated with reference to specific experimental results. Two experimental methods have been used 
to investigate filamentary breakdown: prebreakdown current measurement and direct observation of 
the spatial and temporal evolution of specimen temperature. Based on result for the prebreakdown 
current on several small-area specimens from Mizutani et al, the general equation above is rearranged 
to 
 !!! exp ∅!!! = !!!!! !"!!!!!                                                                                                                (23) 
 
where σ0 and Ø are experimentally determined values which are found to be constant over a given 
range of temperature; tb is the time of breakdown; and kB is the Boltzmann constant. 
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Various attempts have been made to monitor the spatial and temporal evolution of the temperature 
of thin polymer films after the application of an electric field. Although existence of hot pots has been 
proved [15], it has not yet conclusively demonstrated that the initiating breakdown mechanism is 
thermal. 
 
(3) Partial discharge breakdown 
In partial discharge breakdown [15], sparks occur within voids in the insulation causing degradation 
of the void walls and progressive deterioration of the dielectric. Voids are difficult to completely 
eliminate in polymeric materials [39]. They may result simply from non-uniform contraction 
produced in the slow chemical reactions of thermosetting occurring after the main manufacturing 
process. 
The influencing parameters in the initiation and the propagation of partial discharge are numerous. 
For example, the temperature gradient changes the volume conductivity of the insulating material and 
affects the discharge location. It is stated in [40] that inception discharge voltage decreases with gas 
pressure within the cavity, depth of which is larger than 6 µm. 
 
2.2.4 Relationship between electrical and mechanical breakdown 
Electrical and mechanical aging can be related to each other in two ways.  
a. Mechanical aging may be responsible for driving or increasing the possibility of electrical 
aging, or even breakdown. In both thermosetting polymers and semicrystalline polymers, the effect of 
mechanical stress of a sufficiently high level is to increase the micro-void density and size. The 
mechanical stress occurs internally as a result of a slow crystallization in the amorphous regions. 
Because the polymer is a solid whose volume is essentially constant, local density increase due to 
secondary crystallization is compensated by generation of micro-voids and discontinuities. An 
increase in the number of interfaces between amorphous and chain-fold regions may also occur, 
giving a greater density of traps and defects and consequently an increase in local space-charge 
concentrations. Based on the degradation and aging models presented above (like the free volume 
theory, space charge and partial discharge models, etc.), the effect of mechanical aging can increase 
the propensity of the polymeric insulation to a range of electrical degradation processes. [15] [39] [41] 
[42] 
Shu et al [43] measured dielectric strength of 120 µm thick Kapton thin-film after mechanical 
fatigue. The sample presents poor partial discharge resistance and breakdown occurred at voltage 800 
V. The breakdown point is just on the fatigue point which had undergone mechanical fatigue caused 
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by 300 flexing cycles. It was concluded that flexural stress has a great effect on insulation properties 
of this film and the degree of electrical deterioration varies according to extent of mechanical fatigue. 
One category of deterministic breakdown – electromechanical breakdown [15] – occurs when the 
mechanical compressive stress on the dielectric caused by the electrostatic attraction of the electrodes 
exceeds a critical value which cannot be balanced by the dielectric's elasticity. The electromechanical 
breakdown voltage can be evaluated by equating these two stresses for the equilibrium situation 
before breakdown in a parallel- plate dielectric slab: 
 !!!!! !! ! = !  ln   !!!                                                                                                                            (24) 
 
where Y is the Young's modulus of elasticity; d0 is the initial dielectric thickness; and d is the reduced 
thickness after the application of voltage, V. 
b. Based on similar features of mechanical and electrical aging, a similar model can be applied 
to explain the two processes. Crine [44] detected submicrocavities by SAXS (small-angle X-ray 
scattering) in mechanically aged polymers and in electrically aged XLPE (cross-linked polyethylene). 
His experiment results showed that electrical and mechanical aging of polymers have similar features, 
especially a critical stress above which aging is irreversible. 
Harson et al [45] derived the reaction rate constants for material mechanical damage and 
reformation given by, 
 !!!"#$%& = (!/2!)exp  [−(! + !")/!"]                                                                                           (25) 
 !!"#$%&'( = (!/2!)exp  [−(! − !")/!"]                                                                                         (26) 
 
where ω is the angular frequency; U is the activation energy of the fracture process; γ is a material 
coefficient; σ is the applied stress; k is the Boltzmann constant; and T is the absolute temperature. 
They are very similar to formulas of the reaction rate constants for polymer breakdown (aging) and 
reformation involved in a kinetic dielectric breakdown model [35], which are described as 
 !!"#$!%&'($) = (!/2!)exp  [−(!! + !!!)/!"]                                                                               (27) 
 !!"#$%&'() = (!/2!)exp  [−(!! −   !!!)/!"]                                                                                 (28) 
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where U0 is the initial well depth; Ge is the conducting microcrack extension force by analogy with 
linear elastic fracture mechanisms; and α is a material property which strongly depends on molecular 
orientation of the polymer chains. 
3. Electrical insulation materials 
In recent year, commercial aircrafts are mainly using three kinds of polymer as wire insulation: 
Teflon®PTFE (polytetrafluoroethylene), Tefzel® ETFE (ethylene-tetrafluoroethylene), and Kapton® 
Polyimide. In this section, basic properties of those polymers are introduced separately.  
3.1 PTFE 
PTFE, ( CF2 )n, is a fluorocarbon polymer, typically with a very high molecular weight. The 
substitution of fluorine for hydrogen causes the material to exhibit extreme properties. Due to the C-F 
bonds, it exhibits special properties surpassing those of most polymers due to the substitution of 
fluorine for hydrogen, such as very high melting temperature and good chemical resistance. The main 
physical and chemical properties of PTFE are compared with those of polyethylene (PE) in Table 2 
[46].  
In PTFE, closed connected amorphous and crystalline phases coexist due to its extremely high 
molecular weight (~ 1×106) [47]. The temperature-pressure phase behavior of crystalline PTFE is 
shown in Figure 3 [48] [49]. At atmospheric pressure, the room temperature crystalline structure of 
PTFE (phase IV) transfers to phase II below 19 °C [50] and to phase I above 31 °C [51]. The first-
order transition at 19 °C from phase II triclinic to phase IV hexagonal reflects an untwisting in the 
helical conformation from 13 atom/180 degree turn [51] [52] to 15 atoms/turn [51] [53] [54] and an 
increase in the hexagonal lattice spacing.  Above 31 °C the individual polymer chains lose their well 
defined helical repeat unit [51] [55]. Further rotational disordering and untwisting of the helices 
produces a pseudo-hexagonal structure. At room temperature, phase II transfers to phase III 
orthorhombic above ~0.65 GPa [56].  Amorphous PTFE has the same repeat atomic structure as the 
crystalline domains but without significant order [57].    
PTFE has excellent electrical insulating properties due to its low relative permittivity (2.0-2.2 [58]), 
low dielectric loss (<0.0002-0.0005 [59]), good frequency stability in a wide spectral range (up to 
10 GHz), and high breakdown strength (19.2 kV/mm [59]).  Reference [60] shows the complex 
permittivity of PTFE as a function of temperature at microwave frequencies f ≈ 11.5 GHz. The real 
permittivity of PTFE decreases from 2.12 to 2.01 as temperature increases from -151 to 102 °C and 
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the dissipation factor is less than 10-3 even at high temperatures. As presented in reference [61], the 
real permittivity of PTFE decreases from 2.35 to 2.09 as temperature increases from -150 to 250 °C at 
10 kHz. Additionally, because of its good mechanical and thermal stability over temperatures up to 
260 °C [62], PTFE has been extensively applied as wire insulation material in air- and spacecraft.  
 
Table 2 Properties of PTFE and PE. 
Property PTFE Polyethelyne 
Density (g/cm3) 2.2-2.3 0.92-1 
Melting Temperature (°C) 342±10 (1st) 327±10  (2nd) 105-140 
Tg (α-PTFE)  (°C) 
Tg (β-PTFE) (°C) 
Tg (γ-PTFE) (°C) 
126 
30 
80 
- 
- 
- 
Surface Energy (dynes/g) 18 33 
Resistance to Solvents and  
Chemicals 
Excellent, no known  
solvent. 
Susceptible to hot  
hydrocarbons. 
 
 
 
 
Figure 3 Temperature-pressure phase diagram of crystalline PTFE with the inter- and intra-polymer chain crystalline 
structures [48] [49] 
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3.2 ETFE 
Ethylene-tetrafluoroethylene (1:1 ratio) alternating copolymer ( CH2CH2CF2CF2 )n is a 
fluoroplastic material. At room temperature, it has a molecular conformation in which extended 
zigzag chains are packed in orthorhombic cells with cell dimensions a = 0.96 nm, b = 0 nm, c = 0.50 
nm  and γ = 96° [46]. Each molecule is adjacent to four other molecules in which the –CH2− groups of 
a chain are positioned next to the –CF2− groups of the next chain [63]. Essentially, the bulky –CF2− 
groups nestle into the space above the smaller –CH2− groups of an adjacent chain [64], interlocking 
the chains as a result. Due to this special chain conformation, ETFE has desirable properties such as a 
stable dielectric constant, low dissipation factor, high melting temperature and high elastic modulus. 
Selected physical and electrical properties of ETFE taken from the literature are listed in Table 3.  
Reference [46] has presented the dielectric constant of ETFE over the frequency range from 1 kHz 
to 10 GHz at 22 °C and 150 °C. At room temperature, the dielectric constant of ETFE is between 2.5 
and 2.6 below 10 MHz and decreases to approximately 2.3 at 10 GHz.  Change in dielectric constant 
due to temperature can also be observed, especially at high frequencies. The dissipation factor of 
ETFE is less than 0.001 below 10 kHz, increasing to 0.023 at 100 MHz and decreasing at higher 
frequencies [46].  
Table 3 Properties of ETFE. 
Property Value Property Value 
Density (g/cm3) 1.75-1.79 Dielectric constant 2.5-2.6 below  10 MHz 
Melting Temperature (°C) 255-280   Dissipation factor Less than 0.007 below 1 MHz 
Molecular relaxation  
temperatures (°C) 
~ 110 (α) 
0-100 (α') 
~ -87 (γ) 
Dielectric strength (kV/mm) 64 (254 µm film) 
 
 
 
3.3 Polyimide 
Kapton HN is a polyimide film developed by DuPont which has been successfully used as electrical 
insulation in a wide range of temperatures, from -269 °C to +400 °C (4 K - 673 K) [65]. The chemical 
name for Kapton HN is poly (4,4'-oxydiphenylene-pyromellitimide), and its chemical structure is 
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shown in Figure 4. Kapton® Polyimide is produced from the condensation of pyromellitic 
dianhydride and 4,4'-oxydiphenylamine. In addition to its very light weight and advanced mechanical 
properties compared to other insulator types, Kapton HN polyimide has good dielectric properties, 
such as high breakdown field, low dielectric constant and low loss factor. Selected properties of 
125 µm thick Kapton HN film are listed in Table 4 [65]. However, polyimide is very susceptible to 
hydrolytic degradation, which can give rise to cracks in the insulation and cause electrical 
malfunctions [66].  
 
 
 
 
 
 
Figure 4 Chemical Structure of Kapton® Polyimide 
 
 
 
Table 4 Selected properties of 125 µm thick Kapton®HN film. 
Property Value 
Dielectric strength 154 kV/mm at 60 Hz, 23 °C and 50% RH 
Dielectric constant 3.5 at 1kHz, 23 °C and 50% RH 
Dissipation factor 0.0026 at 1kHz, 23 °C and 50% RH 
     Melting point none 
Glass transition 360  to 410 ºC 
β-transition 60 to 127 °C 
γ-transition -118 to -28 °C 
Ultimate tensile 
strength 231 MPa at 23 °C 
Impact strength 78 N cm at 23 °C 
Yield point at 3% 69 MPa at 23 °C 
 
Melcher et al [67] explored the effect of moisture on the complex permittivity of polyimide film in 
a temperature range from 80 to 325 K. It is presented that the imaginary part ε'' measured for a film 
which was dried for two days shows only one maximum in the temperature range (the lowest curve). 
Absorption of water alters this behavior for different water contents at fixed frequency 10 kHz. The 
peak height increases with water content and an additional smaller loss peak appears at its lower 
temperature shoulder.  
ON N
O
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The shape of the larger peak, which is notified as the high-temperature peak, is the same for all film. 
The influence of the high-temperature peak can be subtracted because its shape is essentially 
independent of the water content. But the height of the peak increases with higher water content. The 
second peak, the low-temperature peak, is considered to be strongly overlapped by the high-
temperature peak. According to a statement in [68], since the high-temperature peak is present even at 
low humidity levels, it is proposed to be associated with water absorbed at the carbonyl groups. And 
the low-temperature peak is only visible at higher humidity, it is likely caused by water absorbed at 
the ether linkage. As the two loss peaks can be removed by drying the film, it is concluded that the 
water dipole causes this relaxation process and not an intrinsic dipole of the polyimide chain.  
It is also presented in reference [67] that the increase of the real part ε' near room temperature 
correlates to the peaks in ε''. 
Thermal exposure of polyimide has also been explored [69] [70] [71] [72]. No significant changes 
in the dielectric properties of polyimide were observed after thermal exposure in air or N2 from 200 to 
350 °C for up to 5000 hours.  
4. Polymer nanocomposites 
4.1 Introduction 
Polymer nanocomposite can be defined as multiphase materials with nanometer-sized fillers 
dispersed in a continuous polymer matrix. Even a small loading of nanofillers, which have 
remarkably larger surface as compared to micrometer-sized fillers of the same volume, can give rise 
to strong interaction with the polymer matrix. [3] Consequently, the nanocomposite material reveals 
upgraded characteristics without any change of polymer processing or composing, such as excellent 
flame retardancy, decreased thermal expansion, and enhanced mechanical and dielectric properties. In 
1980s, the Toyota Central Research and Development Laboratories developed the first polymer-clay 
nanocomposite, Nylon 6- Montmorillonite (MMT) nanocomposites, which has been used by Toyota 
for tough, heat resistant, nylon timing belt covers [4] [5]. 
In the field of dielectrics and electrical insulation, polymer nanocomposites are known for their 
excellent dielectric properties and are targeted for investigation in labs. Thermoplastic and thermoset 
resins reinforced by nanoparticles of clay, silica, rutile and alumina have been developed and studied 
[4]. Among those inorganic additives, MMT (montmorillonite), a clay mineral, is the most commonly 
used due to its sandwich-structure silicate layers with a fundamental unit of a 1-nm-thick planar 
structure [7] [8]. The layer silicate aggregates of MMT can be dispersed on a nanometer level in an 
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engineering polymer and can be more easily intercalated or exfoliated by various polymers [3] [7], 
such as vinyl polymers, condensation (step) polymers, polyolefins and biodegradable polymers [6] 
[73].  
4.2 Structure 
Layered silicates of MMT belong to the family of 2:1 layered or phyllosilicates. As shown in Figure 
5 [73], the crystal structure consists of layers made up of two tetrahedrally coordinated silicon atoms 
fused to an edge-shared octahedral sheet of either aluminum or magnesium hydroxide. The layer 
thickness is around 1 nm, and the lateral dimensions of these layers may vary from 3 nm to several 
micrometers or larger, which depend on the particular layered silicate. Stacking of the layers leads to 
a regular van der Waals gap between the layers called the interlayer or gallery. Isomorphic 
substitution within the layers (for example, Al3+ replaced by Mg2+ or Fe2+, or Mg2+ replaced by Li1+) 
generates negative charges that are counterbalanced by alkali and alkaline earth cations situated inside 
the galleries. This type of layered silicate is characterized by a moderate surface charge known as the 
cation exchange capacity. This charge in not locally constant, but varies from layer to layer, and 
should be considered as an average value over the whole crystal. [6] MMT nanoparticles can 
intercalate with various polymers, which causes an increase in the distance between the silicate layers  
that depend on size of polymer molecules [8].  
In order to obtain good mechanical and thermal properties, it is necessary to have strong interaction 
between polymer and MMT phases so that the both can be dispersed at the nanometer level. However, 
in the pristine state, layered silicates are only miscible with hydrophilic polymers, such as 
poly(ethylene oxide) (PEO), or poly(vinyl alcohol) (PVA). To render layered silicates miscible with 
other polymers, one must convert the normally hydrophilic silicate surface to an organophilic one, 
making the intercalation of many engineering polymers possible. Generally, this modification process 
can be done by ion-exchange reactions with cationic surfactants including primary, secondary, 
tertiary, and quaternary alkylammonium or alkylphosphonium cations. Alkylammonium or 
alkylphosphonium cations in the organosilicates lower the surface energy of the inorganic host and 
improve the wetting characteristics of the polymer matrix, and result in a larger interlayer spacing. In 
addition, the alkylammonium or alkylphosphonium cations can provide functional groups that can 
react with the polymer matrix, or in some cases initiate the polymerization of monomers to improve 
the strength of the interface between the inorganic and the polymer matrix.  [74] [75] [76] [77] 
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Figure 5 Crystal structure of layered silicates [73]  
 
In general, layered silicates have layer thickness on the order of 1 nm and a very high aspect ratio 
(e.g. 10–1000). A few weight percent of layered silicates that are properly dispersed throughout the 
polymer matrix thus create much higher surface area for polymer/filler interaction as compared to 
conventional composites. Depending on the strength of interfacial interactions between the polymer 
matrix and layered silicates, three different types of polymer-MMT nanocomposites are 
thermodynamically achievable (see Figure 6): 
a. Intercalated nanocomposites: in intercalated nanocomposites, the insertion of a polymer 
matrix into the layered silicate structure occurs in a crystallographically regular fashion, 
regardless of the clay to polymer ratio. The interlayer in intercalated nanocomposites is 
normally a few molecular layers of polymer. Properties of the composites typically 
resemble those of ceramic materials.  
b. Flocculated nanocomposites: conceptually this is same as intercalated nanocomposites. 
However, silicate layers are sometimes flocculated due to hydroxylated edge–edge 
interaction of the silicate layers. 
c. Exfoliated nanocomposites: in an exfoliated nanocomposite, the individual clay layers are 
separated in a continuous polymer matrix by an average distance that depends on clay 
loading.  Usually, the clay content of an exfoliated nanocomposite is much lower than that 
of an intercalated nanocomposite. 
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Figures 6 [73] and 7 [7] schematically show the three types of polymer-MMT nanocomposites.  
 
Figure 6 Schematic illustration of three different types of polymer-MMT nanocomposites [73] 
 
 
Figure 7 Schematic demonstration of various morphology of MMT dispersed in polymer matrices. (a) fully exfoliated; (b) 
partially exfoliated and partially intercalated; (c) severely intercalated; (d) partially intercalated and partially aggregated; (e) 
severely aggregated. The dark grey zones are interphases; (f) shows the change of the dispersions as the clay content 
increases (from 0 to 15 vol%). Solid, dash and dot lines represent the volume fractions of exfoliated, intercalated and 
phased-separated silicates, respectively [7]. 
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4.3 Dielectric permittivity 
The effect of MMT nanofillers on dielectric permittivity is associated with interfacial polarization 
and electrical conduction mechanisms. As a small volume fraction of nanofillers could contain 
billion-fold number of nanoparticles, most of the polymer chains of nanocomposites are located at the 
MMT/polymer interface. The interfacial polarization effect has been widely validated by 
experimental permittivity measurement. As stated in references [78] and [79], the real permittivity of 
non-polar PP and polar PVDF increases with loading of MMT. On the other hand, new peaks in the 
loss factor of PP nanocomposites are observed, compared with that of neat polymer. This peak is 
considered as a result of an additional dielectric relaxation process due to interfacial polarization and 
conducting ions, which is conventionally called MWS (Maxwell-Wagner-Sillars) relaxation, a 
thermally activated relaxation [6] [79] [80] [81]. As shown in Figure 8, the intensity of MWS 
relaxation increases with MMT content [81]. 
In contrast, reference [82] has shown decrease in the real permittivity of polyimide/MMT 
nanocomposites with increasing amount of MMT nanoparticles (Figure 9). Similar measurement 
results are presented in reference [7]. It is also stated that as the MMT content increases to a critical 
value, the decreasing effect declines, as shown in Figure 10. In this paper, parallel and series rules-of-
mixture is applied to explain the effect of the nanoparticles in decreasing the dielectric constant of PI. 
However, changes in permittivity and loss factor are complicated and not conclusive yet. 
Manufacturing process which significantly influences dispersion of nanofillers should be considered 
and improved [6]. Figure 11, which compares theoretical calculation of the dielectric constant of three 
different types of PI-MMT nanocomposites, reveals the influence of interface on the dielectric 
constant of these nanocomposites [7].  
Apart from giving rise to MWS relaxation, the addition of MMT nanoparticles may also influence 
the molecular relaxations of the polymer matrix. Reference [83] shows the dielectric relaxations of 
neat Nylon 11 and Nylon 11-4%MMT nanocomposites, which are retrieved from their dielectric loss 
factor. In addition to a new MWS peak observed around 1 Hz, the intensity of α-relaxation is 
significantly increased. The α-relaxation is a macromolecular segmental motion and is associated 
with the onset off the glass transition. The reason why the intensity of α-relaxation is increased is that 
extra molecule dipoles are formed by the hydrogen bonds between the polar surfactants in MMT and 
the amide groups from the nylon matrix. [83] [84]  
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Figure 8 Frequency-dependence of dielectric loss factor of PP-MMT nanocomposites measured at 125 ºC [81] 
 
 
 
 
Figure 9 Dielectric constant of neat polyimide (PI) and PI-MMT nanocomposites as a function of frequency at -130 ºC (a) 
and 130 ºC (b) [82] 
33 
 
 
 
 
Figure 10 Dielectric constants of PI-MMT and PI-mica nanocomposites as a function of MMT or mico volume fraction, 
measured at 1 kHz and 150 °C [7]. 
 
 
Figure 11 Comparison of effective dielectric constants of three idealized types of PI-MMT nanocomposites [7] 
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4.4 Conclusion 
Polymer-MMT nanocomposites has been widely developed and investigated in labs. However, the 
way how the addition of MMT influences dielectric properties is not conclusive yet. The mechanism 
is believed to be complicated, and highly depends on MMT configuration, synthesis process and 
polymer/MMT interaction. In this case, well-controlled synthesis process as well as accurate 
experimental measurement is significant to successfully investigate properties of polymer-MMT 
nanocomposites. 
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Chapter III. Dielectric spectroscopy 
In this work, the dielectric permittivity of sample materials before and after degradation is 
measured either by using a Novocontrol dielectric spectrometer or by a Agilent LCR meter coupled 
with a 16451 LCR meter. 
1. Novocontrol Dielectric Spectrometers  
Dielectric spectroscopy measures the impedance spectrum Z*(ω) of a sample material arranged 
between two or more electrodes. The sample material may be liquid or solid. The main interest here is 
in material properties, and contributions due to electrode effects should typically be avoided. 
Permittivity, ε*(ω), is a fundamental material parameter and can be easily evaluated from Z*(ω) with 
the knowledge of sample dimensions. With modern equipment, impedance can be accurately and 
automatically determined from a few mHz up to several GHz (15 decades of frequency) for nearly all 
kind of materials. Beyond frequency, electrical materials properties depend on additional parameters, 
the most important one being temperature. Time, DC bias (superimposed static electrical field), AC 
field strength and pressure dependence are frequently determined as well. 
Novocontrol dielectric spectrometer for material analysis is capable of measuring the electric 
properties of materials over a wide frequency range, from 1 µHz to 3 GHz, and temperature range 
from -160 °C to 400°C.  This is done by measuring the impedance Z*(ω) of a capacitor made up by 
two or more electrodes with the sample material in between at a controlled temperature. From Z*(ω), 
the complex permittivity ε*(ω) spectrum is evaluated.  
As shown in Figure  12, a dielectric spectrometer consists of four components: a system to measure 
the complex impedance Z*(ω) of the sample capacitor over a sufficient frequency and impedance 
range, a sample cell which connects the sample capacitor to the impedance analyzer and mounts it 
into a cryostat for temperature control, a temperature control system which adjusts the sample 
capacitor to fixed temperatures or continuously changes temperature, and a computer with a software 
package for system control and evaluation.  
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Figure 12 Novocontrol Dielectric Spectrometer 
 
The molecular and ionic relaxations are typically spread over a broad frequency range and an even 
broader impedance range. Additionally, the loss factor tan δ is generally very small especially for low 
loss dielectrics. Thus, the quality and availability of impedance measurement strongly depends on the 
impedance system performance, such as frequency range, impedance range and phase or tan δ 
accuracy . 
In the Novocontrol spectrometer, at lower frequencies below 20 MHz the Alpha-A, Alpha or Beta 
analyzers are used which are optimized especially for material measurements. The Alpha has an 
extended impedance range of about 5 decades and an extended phase or tan δ accuracy of about 2 
Standard sample cell 
Temperature-controlled chamber 
Liquid N2  
Novocontrol spectrometer 
Computer 
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decades. At frequencies from 1 MHz to 3 GHz (8 GHz option) an RF impedance analysis system 
based on coaxial line reflectometry is used.  
As the front end device to test piece, the sample cell design is also extraordinary critical. In the 
Novocontrol systems, active sample cells are available which have the impedance converter mounted 
on top of the cell. This allows the use of short, air-insulated lines in the circuit from the impedance 
converter to the sample capacitor. These lines can be optimized both for high frequency, isolation and 
temperature performance.  For most dielectric measurement, since electrode polarization or contact 
effects are less prominent than polarization in the specimen, the standard configuration with the 
sample material positioned between two parallel plate electrodes is most advantageous. This 
arrangement, as shown in Figure 13, is most simple and allows easy and flexible sample preparation.  
The temperature control system is designed to match to the sample cell, cover a huge temperature 
range, stabilize precisely within short times without overshooting, and allow fast rates of temperature 
change. The computer is used to support more dimensional measurements, control the complete 
system hardware and record measurement results with accuracy.  
More detailed information about Novocontrol Spectrometer is available at [85]. 
 
 
 
Figure 13 Configuration of sandwich capacitor  
 
2. Agilent E4980A LCR (inductance-capacitance-resistance) meter  
The Agilent E4980A LCR meter, as shown in Figure 14, is used with a 16451 dielectric test fixture 
assembly. The Agilent E4980A is a general-purpose LCR meter for incoming inspection of 
components, quality control, and laboratory use. The E4980A is used for evaluating LCR components, 
materials, and semiconductor devices over frequency from 20 Hz to 20 MHz and test signal level 
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from 0.1 mV (rms) to 2 V (rms) or from 50 µA to 20 mA (rms). With Option 001, the E4980A’s test 
signal level range spans 0.1 mV (rms) to 20 V (rms), and 50 µA (rms) to 200 mA (rms). Also, the 
E4980A with Option 001 enables up to ± 40 V (rms) DC bias measurements (without Option 001, up 
to ± 2 V (rms)), DCR measurements, and DC source measurements using the internal voltage source.  
The E4980A offers C (capacitance)-D (dissipation factor) measurement with a basic accuracy of ± 
0.05% (C), ± 0.0005 (D) at all frequencies with seven-digit resolution (the dissipation factor 
resolution is 1 ppm) in every range. Its list sweep function permits entry of up to 201 frequencies, test 
signal levels, or bias level points to be automatically measured. The E4980A allows one to obtain the 
average value of up to 256 measurements. 
The 16451 assembly is a test fixture for measuring disc and film dielectric materials when 
connected to Agilent's LCR meters or impedance analyzers, and is usable up to 15 MHz. Figure 15 
shows the configuration of the test fixture assembly. Its capacitive electrode pair contains one 
unguarded electrode and a guarded/guard electrode which is the combination of a guarded electrode 
and a guard electrode. The unguarded electrode is connected to the Hc (High current) and Hp (High 
potential) terminal of the instrument, while the guarded electrode is connected to the Lc (Low current) 
and Lp (Low potential) terminals of the instrument and the guard electrode is connected to the guard 
terminal. The 16451B provides four guarded/guard electrodes and accessories, which are 
interchangeable and movable using the knobs on the micrometer. 
The main advantage of using the guarded electrode system is to inhibit measurement error due to 
fringing field effects at the edges of the sample under test. The dielectric constant of the media 
material is calculated from the measured capacitance value, as above-mentioned. While using the 
unguarded electrode system shown in Figure 16a, there is measurement error caused by stray 
capacitance at the edge of the test material. The guarded electrode system used in 16451 test fixture, 
as shown in Figure 16b, can avoid the stray capacitance at the edge of the electrode and measure 
capacitance accurately. Table 5 lists description, dimension and sample requirements of the four 
guarded/guard electrodes. 
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Figure 14 Agilent E4980A LCR meter  
 
 
 
Figure 15 Agilent 16451 test fixture assembly 
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Figure 16 Capacitance measurement using (a) unguarded (b) guarded electrode system [86] 
 
For parallel capacitive electrodes, the permittivity of media material can be obtained from 
capacitance:   
 ! = ! !!                                                                                                                                                 (29) 
 
 
where C and d are capacitance and distance between the electrodes, respectively; ε is dielectric 
permittivity of media material and A is the area of the electrodes. 
The relative permittivity εr  of the media material  is the ratio of permittivity over that of free space ε0: 
 
0
r
ε
ε
ε
=                                                                                                                                                 (30) 
 
Thus, the relative permittivity of a sample under test is given by 
 
(a) 
(b) 
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where, t is thickness of sample under test for contact measurement, which is equivalent to the distance 
between the electrodes and Cp is the equivalent parallel capacitance. 
More detailed information about the E4980A LCR meter and the 16451 test fixture is available at 
[86] and [87]. 
 
Table 5 Four guarded/guard electrodes available for 16451 test fixture 
Guarded electrode Description 
Electrode 
diameter 
Requirement of sample 
dimension (mm) 
    
Electrode A 
used to measure a 
material without thin film 
38 mm 
40 ≤ d(diameter) ≤ 50; 
t(thickness) ≤ 10 
Electrode B 
used to measure a 
material without thin film 
5 mm 
10 ≤ d ≤ 56; 
t ≤ 10 
Electrode C 
used to measure a 
material with thin film 
NA 
d of sample = 56; 
5 ≤ d of guarded film 
electrode ≤ 50; 
Inner d of guarded 
electrode ≤ 52; 
t ≤ 10 
Electrode D 
used to measure a 
material with thin film 
NA 
20 ≤ d of sample ≤ 56; 
5 ≤ d of guarded film 
electrode ≤ 14; 
t ≤ 10 
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3. Experimental permittivity measurement  
For permittivity measurement using either the Novocontrol dielectric spectrometer or the Agilent 
E4980A LCR meter with option 001, all PTFE and ETFE samples were cut to approximately 30 × 30 
× 1 mm3 with smooth and parallel surfaces. The thickness of the samples was measured using a 
Fowler Ultra Digit Mark IV micrometer with systematic uncertainty of 1 µm. Ten measurements were 
taken on both sides of each sample, the small value of relative uncertainty (less than 0.2%) shows that 
the samples are quite uniform in thickness.  Even though relative uncertainty increases with length of 
thermal exposure, the smoothness of all the samples was considered sufficiently good that a 
conductive coating was not applied before permittivity measurement. In this case, guarded electrode 
B (Table 5) is suitable to permittivity measurement of PTFE and ETFE by the Agilent LCR meter. 
All the PTFE and ETFE samples were cleaned with ethanol before permittivity measurement to 
remove surface contaminants. 
However, it was found that conductive coating is necessary for permittivity measurement of PI film 
samples. A silver paint, which can dry quickly at room temperature but requires 20 hr for curing to 
obtain excellent electrical properties, was used to coat samples measured at room temperature by the 
LCR meter, which is attached with dielectric test fixture applying guarded electrode D. Samples 
measured by the Novocontrol spectrometer are coated by gold sputtering. The thickness of PI samples 
was measured with a micrometer with uncertainty of 1 µm, its accuracy had been verified with films 
with standard thickness. Before silver painting, all the PI samples were cleaned by wiping with a little 
ethanol. 
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Chapter IV. Polyimide 
Polyimide (PI) is widely used as an insulation material for machines and wiring, and is effective at 
temperatures up to 400 °C. Given the fact that polyimide may be exposed to extreme temperatures 
during unusual events in service, and is commonly immersed in salt water while serving in navy 
aircraft, the effect of thermal exposure above 400 °C and water/saline exposure on its permittivity is 
investigated in this chapter. Statistical analysis of electrical breakdown behavior of PI following 
thermal and water exposure is also conducted.   
1. Sample material 
All the PI samples under investigation in this chapter were cut from large sheets of 125-µm-thick 
Kapton® HN PI film obtained from Dupont.  Since the permittivity and electrical breakdown strength 
of Kapton PI film changes significantly with moisture content [13], dry samples are needed in order 
to obtain baseline (control) values of dielectric strength for comparing with those obtained following 
thermal exposure and immersion in water. In order to determine a heating temperature to effectively 
remove water from PI, weight loss of a PI sample was monitored by thermogravimetric analysis 
(TGA) while it was heated from 30 to 900 °C in air at 30 °C/min. As shown in Figure 17, an initial 
weight loss of 1% was observed at approximately 200 °C, which is attributed to loss of water from 
the sample during the heating process. Therefore, PI samples for baseline breakdown measurement 
were dried by heating at 200 °C for 1 hr, which, moreover, cannot give rise to degradation of PI. 
One dry PI control sample was coated with gold paint immediately upon removal from the 
isothermal furnace. Its complex permittivity was measured at  frequencies  from  1 Hz  to  1 MHz 
over  temperatures  increasing from  −140 °C  to  180 °C in increments of 10 °C, by using a 
Novocontrol Dielectric Spectrometer with temperature-controlled standard sample cell. The real 
permittivity, ε′, and loss factor, tan δ, of the dry PI control sample over the whole temperature and 
frequency ranges are plotted as surface plots in Figures 18a and 18b, respectively. Below 
approximately 0 °C, ε′increases with temperature; while it decreases with increasing temperature at 
higher temperatures. Given that polyimide is a polar polymer, the dependence of its real permittivity 
on temperature is determined by how much its intra- and intermolecular interactions change with 
temperature [88]. If intra- and intermolecular interactions is independent of temperature, the 
permittivity would decrease with temperature. However, if intra- and intermolecular interactions 
change significantly with temperature, the dependence of permittivity on temperature would be 
governed by the change in intra- and intermolecular interactions and ε′would increases with 
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temperature. Therefore, it is speculated here that the intra- and intermolecular interactions of 
polyimide changes significantly with temperature below 0 °C, while at higher temperatures their 
change with temperature is reduced. It can also be seen that ε′decreases with frequency at each 
temperature; while tan δ as a function of temperature reveals two peaks. The higher-temperature peak 
corresponds to the β-relaxation of PI, which is a sub-Tg relaxation that takes place at temperatures 
between 60 and 127 °C [89]. It is considered to be a result of torsional oscillations of the phenylene 
ring, involving imide groups of PI [90]. On the other hand, the lower-temperature peak can be 
ascribed to the γ-relaxation of PI, which is usually observed at temperatures between -118 and -28 °C 
[89] and occurs due to increase in the vibration of aromatic groups as intra- and intermolecular 
interactions decrease in the presence of absorbed moisture [90]. The highest values of tan δ observed 
at low frequencies and high temperatures are considered as a result of electrode polarization [91]. 
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Figure 17 Percentage weight loss of PI as a function of temperature measured at 30 °C/min heating rate 
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Figure 18 The real permittivity (a) and loss factor (b) of dry PI over frequency range 1 Hz to 1 MHz and temperature range 
−140 to 180 °C 
 
2. Effect of thermal exposure on permittivity 
It has been presented previously in the literature that dielectric properties of PI are not changed 
significantly by heating at temperatures up to 350 °C for as long as 5000 hours either in air or N2 [69] 
[70] [71] [72]. However, given the fact that electrical wiring insulation still has to work under 
extreme temperatures, such as may occur in the vicinity of extreme events during service, it is also 
valuable to explore the effect of thermal degradation at higher temperatures in air on the dielectric 
permittivity of PI.  
The Kapton PI film was sectioned into 3 cm by 10 cm rectangular samples, which were heated at 
400, 425, 450 and 475 °C for 1, 2, 3, 4 and 5 hours in an isothermal muffle furnace. In order to 
eliminate possible distortion of the samples during the heating process, the two shorter edges of each 
PI sample were stabilized by a pair of mirror-finish stainless steel plates. Consequently, the majority 
of each sample was exposed to oxygen and eligible for permittivity measurement. After heating, the 
PI samples were removed from the furnace and cooled in air. With higher temperatures or  longer  
heating  times,  the  samples  became  more  brittle,  darker  and  thicker, which can be associated 
with the formation of oxidized layers on the sample surfaces during the initial degradation of PI [92] 
[93]. Thermal degradation at temperatures higher than 475 °C or for exposure times longer than 5 hr 
(a) (b) 
β 
γ 
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was not conducted because the PI became so badly deformed that its permittivity could not be 
measured successfully.  
The thickness of all treated samples was measured by using a micrometer with uncertainty of 1 µm 
after cooling. Directly following thickness measurement, the samples were coated with silver paint, 
serving both as film electrodes for permittivity measurement and to prevent significant moisture 
exchange between the samples and air. The silver paint dries quickly at room temperature, but 
requires curing for 16 hr at room temperature to achieve a volume resistivity as low as 5×10-6 to 
1.25×10-5 Ω m. When the silver paint was totally cured, each sample was cut into three smaller 
samples for permittivity measurement. The permittivity of all treated samples was measured from 
1 kHz to 2 MHz at room temperature, using the Agilent E4980A LCR meter coupled with a 16451 
test fixture.  The three identically degraded samples under all degrading conditions revealed highly 
similar values of ε' and tan δ, the standard deviation measured for both is less than 1%. 
Figure 19 shows the loss factor of PI degraded at 475 °C for 3 hr as a function of temperature and 
frequency. Compared with Figure 18b, the height of the β-relaxation peak is substantially increased, 
indicating tremendous increase in the intensity of the β-relaxation [94]. The β-relaxation cannot be 
observed at frequencies higher than 500 Hz after thermal degradation. To explore the effect of 
thermal degradation on the γ-relaxation, the frequency dependence of tan δ at room temperature for 
the degraded PI is plotted and compared with that of the dry PI in Figure 20. Even though the 
intensity of the γ-relaxation is not obviously changed, the peak for γ-relaxation moves to higher 
frequencies after the thermal degradation.  
As shown in Figure 21, the real permittivity of PI measured at 1 kHz increases with time and 
temperature of thermal degradation in air. The real permittivity of the PI sample heated at 475 °C for 
3 hours is 4.15, versus 3.77 for the sample heated at 450 °C for 5 hours and 3.24 for the control 
sample. PI samples degraded at 475 °C for 4 and 5 hours were highly brittle and wrinkled, which 
meant that it was not possible to measure their permittivity successfully. On the other hand, tan δ of 
PI reveals little change after thermal degradation at 400, 425 or 450 °C and is not shown here. After 
thermal degradation at 475 °C for 3 hr, however, tan δ of PI as function of frequency is changed 
significantly, as shown in Figure 20.  
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Figure 19 The loss factor of PI degraded at 475 °C for 3 hr, measured over frequency from 1 Hz to 1 MHz and temperature 
from −140 to 180 °C 
 
100 101 102 103 104 105 106
0
5
10
15
20
25
30
35
 dry PI
 degraded PI 
Lo
ss
 fa
ct
or
, t
an
 δ
 1
0-
3
Frequency (Hz)
γ-relaxation
  
Figure 20 The loss factor of dry PI and PI degraded at 475 °C for 3 hr as a function of frequency at room temperature 
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Figure 21 Effect of thermal degradation time and temperature on ε' of PI at 1 kHz. Error bars indicate the standard deviation 
in measurements on three nominally-identical samples 
  
The activation energy for the β- and γ-relaxations can be calculated from the Arrhenius equation:  
! = !   ln !!!! !!! − !!! !!                                                                                                                                                  (32) 
where E is the activation energy of molecular relaxation; k is the Boltzmann constant; T1 and T2 are 
the absolute temperatures of transition at frequencies f1 and f2, respectively. The equation can be 
rewritten as a linear function relating 1/T and ln ω: !" ! = − !! !! + !                                                                                                                                                                            (33)  
where C is a constant. By plotting the dependence of ln f on 1/T, the activation energy can be 
obtained from slope of the line. Based on the measured complex dielectric spectra as shown in 
Figures 18b and 19, the Arrhenius plots of both β- and γ-relaxations of the dry and degraded PI (at 
475 °C for 3 hr) are given in Figure 22. For the dry PI, the activation energy is determined to be 0.48 
± 0.02 eV for the γ-relaxation and 0.85 ± 0.05 eV for the β-relaxation. The uncertainties arise from 
estimated uncertainty in the slopes obtained via linear regression. Those values of activation energy 
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determined here agree, to within experimental uncertainty, with values presented in the literature:  
0.47 eV for the γ-relaxation [95], and 0.87 eV for the β-relaxation [96] [89]. However, β-relaxation of 
the degraded PI is only observed below 500 Hz and reveals no variation as function of temperature. 
Therefore, the Arrhenius plot for β-relaxation is a vertical line as shown in Figure 22, and its 
activation energy could not be determined. On the other hand, the activation energy of the γ-
relaxation is determined to be 0.46 ± 0.02 eV for degraded PI, which is not influenced by thermal 
degradation at 475 °C for 3 hr, despite the shift of the γ-relaxation to higher frequency. 
Dine-Hart et al have studied the process of oxidative thermal degradation of PI for a short period in 
air by thermal analysis methods, saponification testing and infrared spectroscopy [92] [93]. It was 
observed that the chemical structure of PI film was significantly changed by thermal degradation [92]. 
Figure 23 demonstrates pyrolysis process of imide groups during oxidative thermal degradation of PI, 
which gives rise to CO2 and CO, breaks chemical bonding in imide groups  and forms free radicals 
[93]. Thus, we hypothesize that the significant increases in ε' of PI following oxidative thermal 
degradation at 400 to 475 °C could arise from the formation of free radicals, which enhance electrical 
polarization in PI. Moreover, due to scission in chemical bonding in imide groups, the torsional 
oscillations of the phenylene ring become much easier, increasing the intensity of the β-relaxation.  In 
order to further investigate this hypothesis, a Mass Spectrometer (MS) coupled with a Fourier-
Transform Infrared (FTIR) Spectrometer was applied to detect release of gas while a Kapton PI 
sample was heated from 30 °C to 900 °C with heating rate 30 °C/min. As shown in Figure 24, 
compared with the spectrum at 30 °C, the FTIR spectra at 400, 450 and 480 °C reveal new 
absorbance peaks at 2170, 2320 and 2370 cm-1, corresponding to chemical bonds of CO and CO2 [24]. 
The mass also confirmed the release of CO2 and CO at temperatures above 400 °C; and consequently 
endorse the degradation path of PI shown in Figure 23.  Thus, we can conclude that the significant 
increase in the real permittivity and intensity of the β-relaxation are results of pyrolysis of imide 
groups of PI during oxidative thermal degradation.  
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Figure 22 Arrhenius plot for β- and γ- relaxations of dry PI and PI degraded at 475 °C for 3 hr 
 
 
Figure 23 Pyrolysis process of imide groups of PI during heating [93] 
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Figure 24 FTIR spectra of Katpon polyimide at 30, 400, 450 and 480 °C 
 
3. Effect of water/saline exposure on permittivity 
All PI samples for saline exposure experiments were cut into strips 3 cm wide by 9 cm long and 
immersed in distilled water or saline solutions for various times, including 0.5, 1, 2, 4, 6, 12 and 24 
days. Saline solutions with three different concentrations were made by mixing distilled water with 
sodium chloride: 0.45 g/l, 6 g/l and 80 g/l, with conductivities 1 mS/cm, 10 mS/cm and 100 mS/cm 
[97], respectively. Immediately after removal from water or saline solutions, the samples were wiped 
to remove water on their surfaces, their thickness was measured by using the micrometer, and the 
samples were coated with silver paint introduced in section 2. When the silver paint was totally cured, 
each sample was cut into three smaller samples for permittivity measurement. The permittivity of all 
treated samples was measured from 1 kHz to 2 MHz at room temperature, using the Agilent E4980A 
LCR meter coupled with a 16451 test fixture.  The three identically degraded samples under all 
degrading conditions revealed highly similar values of ε' and tan δ, the standard deviation measured 
for both is less than 1%. 
Figure 25 shows the real permittivity and loss factor measured at 1 kHz as a function of sample 
immersion time in water and saline solutions. In the case of both water and saline, the real 
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permittivity and loss factor of PI exhibit rapid increases in the first 4 days, but neither of them 
changes obviously after 6 days. Figures 26 and 27 show how ε' and tan δ of PI behave as a function of 
frequency from 1 kHz to 2 MHz and immersion time, in water and 80 g/l saline, over 4 days. ε' and 
tan δ of PI immersed in water are increased by approximately 11% and 40%, respectively; and by 
12% and 40% for the sample immersed in 80 g/l saline. As shown in Figures 26b and 27b, the 
intensity of the γ-relaxation increases with time of immersion, because the PI samples absorb more 
moisture with longer time of immersion. This observation agrees well with the findings by 
mechanical testing methods [95]. The frequency of the γ-relaxation, however, is not changed as a 
function of immersion time. 
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Figure 25 The real permittivity (a) and loss factor (b) of PI immersed in water and saline solutions, measured at 1 kHz. 
Error bars indicate the standard deviation in measurements on three nominally-identical samples 
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Figure 26 The real permittivity (a) and loss factor (b) of PI following immersion in distilled water 
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Figure 27 The real permittivity (a) and loss factor (b) of PI following immersion in 80 g/l saline 
 
In order to further explore the effect of dissolved sodium chloride on the complex permittivity of PI, 
the differences in ε' and tan δ between the samples immersed in water and those immersed in saline 
are plotted as function of immersion time in Figure 28. It can be concluded that the variation in 
salinity does not change complex permittivity of PI significantly and that the increases in ε' and tan δ 
are as a result of moisture absorption.  
The reason for the increase in real permittivity and loss factor of PI by moisture absorption can be 
attributed to the formation of polar groups and chain scission during hydrolytic degradation. Deiasi 
(a) 
(b) 
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and Russell [98] observed a decrease in number-average molecular weight of PI caused by chain 
scission due to a chemical reaction between water and imperfections in the polymer chain. The chain 
scission mechanism is shown schematically in Figure 29 [99], which agrees with the statement in 
reference [100] that water molecules can bond to the carbonyl groups of PI. It has also been stated 
that the chemical reaction is rapid in the early stages of aging, and then slows as the number of 
susceptible sites in the polymer chain decrease [101]. This explains why the real permittivity and loss 
factor of PI are increased significantly during the first 4 days of immersion, after which there is little 
further change. 
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Figure 28 Effect of dissolved sodium chloride on the real permittivity (a) and loss factor (b) of PI, measured at 1 kHz 
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Figure 29 Chain scission mechanism of PI hydrolysis through interaction of H2O with the carbonyl groups [99] 
 
4. Effect of thermal and water exposure on electrical breakdown behavior 
4.1 Introduction 
The effect of heating at temperatures up to 400 °C on electrical breakdown behavior of PI has been 
studied previously. In reference [102], decreases in both AC and DC dielectric strength of Kapton PI 
as the testing temperature increased from 20 to 250 °C were presented. Diaham et al [103], who 
tested at temperatures up to 400 °C, also observed a decrease in DC dielectric strength of PI film with 
increasing temperature. In contrast, it has been stated in references [69] and [71] that the dielectric 
strength of PI was enhanced after heat treatment below 350 °C for up to 300 hours.  
However, considering that PI as electrical insulation often has to function at even higher 
temperatures, such as in spacecraft [104] or in the vicinity of extreme events during service [105], it is 
also valuable to study changes in its breakdown behavior due to thermal exposure at higher 
temperatures. In this paper, the influence of short-period thermal exposure at 450 to 480 °C in air on 
AC dielectric strength of PI is presented. Since none of the papers mentioned above have explored the 
reason why dielectric strength was changed by the heating processes, the relationship between 
thermal exposure mechanisms and electrical breakdown of PI is explored here. 
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PI is susceptible to moisture absorption. It has been reported that, while a MIL-W-81381 wire was 
undergoing accelerated aging in a humidity chamber, cracks propagated from the PI insulation tape to 
the conductor, acting as a current leakage path, and finally caused destructive failure in the circuit 
[66]. Increases in both the dielectric constant and the loss factor of PI with increasing water uptake 
have been observed [67]. However, even though Dupont has reported linear decrease in AC dielectric 
strength of PI as a function of humidity [65], few have statistically studied the effect of moisture 
absorption on breakdown behavior of PI. This paper statistically analyzes how AC dielectric strength 
of PI changes as the material is immersed in water for up to 96 hours by using Weibull distribution 
analysis.  
As concluded in section 3 that the effect of dissolved sodium chloride on permittivity of PI 
immersed in salt water is minor, it is speculated that electrical breakdown behavior could not be 
influenced by variation in salinity significantly either. Thus, study of electrical breakdown behavior 
of PI after saline exposure is not investigated here. 
4.2 Weibull distribution  
Given the random distribution of electrical weak points in insulation material, a different dielectric 
strength can be measured on nominally identical samples [106]. As a result of this behavior, statistical 
distribution analysis has been adopted to analyze the breakdown behavior of PI. Several statistical 
distribution methods are available for the description of electrical breakdown behavior, including 
Weibull, Gumbel, log-normal and recently proposed empirical failure probability methods [107], 
among which the Weibull method is the most commonly used for solid insulation materials [106]. 
The cumulative distribution function (CDF) [108] for two-parameter Weibull distribution is shown in 
the following equation [106]:   
 
                                                                                                                        (34)                      
 
 
where F is the probability of failure at an electrical field up to E, E is the measured breakdown 
strength of insulation, α is the scale parameter, and β is the shape parameter, which  is a measure of 
the dispersion of E and decreases with increasing scatter. Both α and β are always positive and 
obtained through least-squares regression in this work. In the least-squares regression method [106], 
Yi and Xi values are assigned by the following equations: 
( ; , ) 1 exp EF E
β
α β
α
⎡ ⎤⎛ ⎞= − −⎢ ⎥⎜ ⎟
⎝ ⎠⎢ ⎥⎣ ⎦
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ln( )i iY E=                                                                                                                            (35)    
                                                                                                                                                                                       
 
[ ]{ }ln ln 1 ( , )iX F i N= − −                                                                                                    (36)    
 
Then, Yi is a linear function of Xi,                      
                           
                                                                                                                    (37)    
 
 
in which the slope, m, and intercept, c are given by the following equations:  
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Parameters β and α are estimated from m and c, respectively: 
                                                                                               
1
m
β =  , and ( )exp cα =  .                                                                                                                             (39)           
                     
The CDF function as described in equation (34) is supposed to create a reasonably straight line in a 
typical Weibull plot, where logarithmic dielectric strength, E, is plotted on the horizontal axis; and the 
failure probability, F, is plotted on the vertical axis. (For example, see Figure 30 later.)  
Two-parameter Weibull distribution is a special case of three-parameter Weibull distribution, as 
shown in the following equation, where the local parameter γ  is zero. 
 
                                                                                                                      
                                                                                                   (40) 
 
Weibull firstly employed mean ranks to estimate the probability of failure in 1951 [109], but later 
he recognized Benard’s approximation for median rank, which assigns the CDF of failure F(i, N), 
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where N is the total number of measured dielectric strength values and i is the assigned rank when the 
dielectric strengths are listed in order from smallest to largest. Benard’s approximation is considered 
to be of good accuracy for plotting the Weibull distribution and estimating α and β; its uncertainty is 
only 0.1% for N = 50 and 1% for N = 5 [106]. The goodness of fit can be represented by a simple 
correlation coefficient, P, which is a number between -1 and 1. As dielectric strength always gives a 
linear fit with positive slope, the P in this study locates between 0 and 1. The closer the P to 1, the 
better the fit is. 
 ! = !!!! !"!!!!!!!!!!! !!!!! !!!! !!!!!                                                                                                                                 (42)                    
 
In this paper, the two-parameter Weibull distribution is applied to statistically analyze the influence 
of thermal exposure and immersion in water on the electrical breakdown behavior of PI. As stated in 
reference [106], 20 measured values of breakdown strength for each sample under test is considered 
sufficient to provide meaningful results. Here, breakdown tests were conducted at 20 different points 
on each sample. 
4.3 Experiment 
The samples for both thermal exposure and immersion in water were cut into 6 cm by 10 cm sheets, 
large enough to measure dielectric strength 20 times at different points. The mass of each sample was 
measured using a balance with uncertainty 0.01 mg. The thickness of the samples was measured using 
a micrometer with uncertainty 1 µm. The PI samples for thermal exposure were heated at 475 °C for 1, 
2, 3 and 4 hours in an isothermal muffle furnace to investigate the effect of thermal exposure time; 
and at 450, 460, 465 and 480 °C for 4 hours to study the effect of temperature. Thermal exposure for 
longer times or at higher temperatures was not conducted as the PI was so brittle and wrinkled that its 
dielectric strength could not be measured successfully. Directly after thermal exposure, the samples 
were removed from the furnace and cooled to room temperature. It was observed that the PI samples 
became more brittle, darker and thicker with increasing thermal exposure times or temperatures. To 
study the effect of moisture, the PI samples were immersed in distilled water at room temperature for 
4, 8, 16, 24, 48, 72 and 96 hours. The surfaces of the samples were wiped dry after they were 
removed from the water. Directly after either cooling or wiping, the mass of the samples was 
measured again and compared with the value obtained before thermal exposure or immersion in water. 
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Breakdown voltage was measured using a Dielectric Rigidity 6135.054 instrument designed 
according to standards ASTM D-149 [14] and D-876. The Dielectric Rigidity instrument consists of 
an oil-insulated transformer, capable of supplying AC voltage up to 60 kV, and a shut-proof resistant 
test chamber, which houses a bath for insulating liquid and a mobile support for electrodes with 
diameter of 6.34 mm. In this work, Envirotemp® FR3® fluid, a vegetable oil with antioxidant 
additive, cold flow additive and colorant, was applied as an insulating and cooling medium. During 
the measurement process, the voltage across the PI samples was increased from zero at a rate of 0.5 
kV/s and stopped at a value where the sample failed, which was recorded as its breakdown voltage, 
VBD. Twenty measurements of dielectric strength were made on each sample. 
4.4 Results and discussion 
(1) Effect of thermal exposure 
The two-parameter Weibull cumulative distribution function of dry PI and the samples heated at 
475 °C for 1 to 4 hours is plotted in Figure 30. The symbols represent experimentally measured 
dielectric strengths and the solid lines represent a linear fit to the 20 data points, for each exposure 
condition. Since the symbols in Figure 30 reveal “S” shape curves around their linear fit, it is 
hypothesized that three-parameter Weibull distribution could give a better fit [108]. The correlated 
coefficients of two-parameter and three-parameter Weibull distributions for the experimentally 
measured dielectric strengths have been calculated and are compared in Table 6. It is observed that 
for each thermal exposure condition, the highest correlation coefficients of the three-parameter 
Weibull distribution are very similar or even lower than those of two-parameter Weibull distribution. 
For 0 hr and 3 hr, the local parameters are negative, which is physically unreasonable as dielectric 
strength is always a positive number. As stated in reference [16], the correlated coefficient of the 
three-parameter Weibull distribution should be much higher than that of the two-parameter Weibull 
distribution to be an equally good fit. Therefore, it is concluded that three-parameter Weibull 
distribution cannot give a better fit than two-parameter Weibull distribution, and statistical analysis of 
electrical breakdown behavior of all PI samples investigated in this study will be conducted by using 
two-parameter Weibull distribution.  
The CDF of two-parameter Weibull distribution of the samples heated at 450 to 480 °C for 4 hours 
is compared with that of dried PI in Figure 31. The dielectric strength values measured for dry PI (0 
hr) are in the range from 130 to 160 kV/mm, agreeing well with values for PI films with equivalent 
thickness presented in references [103] [110] [111]: 100 to 200 kV/mm.  
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With longer heating time or higher temperature, the linear fits to the measured data shift towards 
lower dielectric strength and reveal decreasing slope, indicating greater dispersity in the measured 
dielectric strength values. The scale parameter (α) and the shape parameter (β), obtained through 
least-squares regression, are applied here to quantitatively analyze the effect of thermal exposure on 
breakdown behavior of PI. The dependence of α and β on heating time and temperature is plotted in 
Figures 32 and 33, respectively. Both α and β decrease with increasing heating time or temperature. 
Statistically, the short-period thermal exposure at 450 to 480 °C significantly decreases the dielectric 
strength of the PI samples and gives rise to much more randomly dispersed weak points in PI film.  
It has been stated previously [15] [22] that low-level degradation in polymers due to thermal 
exposure, such as chemical aging and physical aging, increases probability of electrical breakdown of 
the material. The chemical aging of PI during thermal exposure, which gives rise to pyrolysis process 
of imide groups and release of CO2 and CO gases, has been discussed in section 2. On the other hand, 
as listed in Tables 7 and 8, weight loss in PI increases with heating time or temperature. It is 2.90% 
for the sample heated at 450 °C for 4 hr, and 21.78% for the one heated at 480 °C for 4 hr. The large 
weight loss following thermal exposure of PI further supports the occurance of chemical aging of PI 
during thermal exposure. To explore the possibility of physical aging during thermal exposure, 
enthalpic relaxation measurement on a PI sample heated at 480 °C for 4 hr was conducted by using 
DSC. However, no endothermic peak was observed on the DSC curve, revealing no sign of physical 
degradation in the degraded PI. Therefore, the increased susceptibility of PI film to electrical 
breakdown following the heat treatment is considered to be a result of consequential chemical aging 
of PI, which gives rise to free radicals, as shown in Figure 23. 
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Figure 30 The cumulative distribution function of the measured dielectric strength of PI samples heated at 475 °C for up to 
4 hours. Symbols represent experimental data and lines are obtained by least-squares fitting to the data 
 
 
 Table 6 Correlated coefficient of two-parameter and three-parameter Weibull distribution of dielectric strength of PI heated 
at 475 °C 
Time of heating at 475 
°C 	   Correlation coefficient, P Two-parameter Weibull Three-parameter Weibull 
0 hr 	   0.9876 0.9876, γ is negative 
1 hr 	   0.9903 0.9902 
2 hr 	   0.9938 0.9933 
3 hr 	   0.9451 0.9602, but γ is negative 
4 hr 	   0.9770 0.9862 
 
 
 
63 
 
 
 
60 80 100 120 140 160
0.01
0.1
0.5
1
 dry PI
 
O
cc
ur
en
ce
 C
D
F
E (kV/mm)
 450 OC
 
 470 OC
 480 OC
 460 OC
 
 
Figure 31 As for Figure 41 but for PI samples heated for 4 hours at various temperatures from 450 to 480 °C 
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Figure 32 The Weibull-statistical scale parameter (α) and the shape parameter (β) as functions of heating time 
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Figure 33 The Weibull-statistical scale parameter (α) and the shape parameter (β) as functions of heating temperature for 4 
hr heating time 
 
Table 7 Weight loss of PI samples heated at 475 °C for up to 4 hours 
Heating time Weight loss 
1 hr 1.39% 
2 hr 3.04% 
3 hr 7.08% 
4hr 14.51% 
 
 
 
Table 8 Weight loss of PI samples heated for 4 hours at various temperatures from 450 to 480 °C 
Heating 
temperature Weight loss 
450 °C 2.90% 
460 °C 4.18% 
470 °C 8.21% 
480 °C 21.78% 
 
 
 
(2) Effect of water exposure 
The Weibull cumulative distribution function of the PI immersed in water for 0, 4, 8, 16 and 24 
hours is shown in Figure 34. The straight line fit to each data set moves towards lower values of 
dielectric strength with increasing immersion time. Moreover, slopes of the lines decrease as 
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immersion time increases.  As described in section 4.2, α and β parameters are obtained via least-
squares regression. Figure 35 shows how α and β decrease with longer PI immersion in water.   
As shown in Table 9 and Figure 36, no significant further change in either weight gain or dielectric 
strength of PI was observed after immersion in water for more than 24 hours. This observation is in 
line with the statement in reference [67] that PI is saturated with moisture after immersion in water 
for 25 hours.  
Formation of side ionic groups due to dissociation of polymer chains is considered to be the reason 
why the insulation capability of PI film is deteriorated due to water uptake. Figure 29 shows the 
hydrolysis scheme for PI, in which polymer chains are broken and chemical composition is changed. 
OH- from water molecules bonds to either of the four carbonyl groups and H+ bonds to the amine 
groups, generating ionic groups at sides of the new polymer chain [66] [112] [98]. The side ionic 
groups can greatly promote charge transport in PI insulation, which is termed as “intrinsic ionic 
conduction” in reference [15]. Consequently, electrical failure of the PI film is significantly 
accelerated.  
It has been stated that chemical changes in PI due to moisture absorption are fully reversible by 
annealing for 1 hour [113]. Thus, in order to investigate whether physical degradation occurred in PI 
during immersion in water as well as chemical degradation, a sample immersed in distilled water for 
24 hours was dried again by heating at 200 °C for 1 hour in order to eliminate the influence of ionic 
side group formation on dielectric strength of PI. The Weibull plot of breakdown for the annealed 
sample (not shown here) revealed no obvious change when compared with that of the control sample. 
As listed in Table 10, the scale parameter, α, of the sample is not significantly changed. Therefore, it 
is concluded that immersion in water did not give rise to significant physical degradation of the PI 
film. The change in the shape parameter, β, could be a result of variation in dispersity of electrical 
weak points in the two samples. 
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Figure 34 The cumulative distribution function of the measured dielectric strength of PI samples immersed in water for 0, 4, 
8, 16 and 24 hours 
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Figure 35 The Weibull-statistical scale parameter (α) and the shape parameter (β) as functions of time of PI immersion in 
distilled water 
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Table 9 Weight gain of PI samples immersed in distilled water for up to 96 hours 
Immersion time Weight gain 
4 hr 0.87% 
8 hr 1.32% 
16 hr 1.75% 
24 hr 1.80% 
48 hr 1.80% 
72 hr 1.81% 
96 hr 1.80% 
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Figure 36  The cumulative distribution function of the measured dielectric strength of PI samples immersed in water for 24, 
48, 72 and 96 hours 
 
Table 10 The Weibull-statistical scale parameter (α) and the shape parameter (β) of dry PI 
sample α (kV/mm) β 
The original dry PI 152.2 ± 0.3 32 ± 2 
2nd dry PI 154.4 ± 0.2 40 ± 2 
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5. Summary 
This chapter investigates the influence of thermal exposure above 400 °C in air and immersion in 
water on permittivity and electrical breakdown behavior of Kapton PI film. After either the heating 
process or immersion in water, the real permittivity and loss factor of PI are increased substantially. 
Intensity of the β-relaxation is substantially increased due to scission of chemical bonding in imide 
groups during thermal degradation at 475 °C for 3 hr. As PI samples absorbed more moisture with 
longer time of immersion in water or saline, the intensity of γ-relaxation following saline exposure is 
increased. On the other hand, using statistical analysis by two-parameter Weibull distribution, we 
observed that the dielectric strength of PI is greatly decreased and individual measurements of 
breakdown voltage are much more randomly distributed, with increasing time or temperature of 
thermal exposure and increasing time of immersion in water. The deterioration of insulating 
properties of PI after the degrading processes is explained in terms of chemical degradation due to 
pyrolysis of imide groups during thermal exposure and formation of ionic side groups during the 
hydrolysis process of PI while immersed in water. However, dissolved sodium chloride shows minor 
influence on dielectric properties of PI immersed in saline solutions. 
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Chapter V. Polytetrafluoroethylene) (PTFE) 
Due to its excellent dielectric properties and hydrophobicity, PTFE (polytetrafluoroethylene) is 
widely used as an outer coating material for wiring insulation [1]. Therefore, it is always exposed to 
heat and mechanical stress during service. In this chapter, the effect of thermal exposure and tensile 
strain on permittivity of PTFE is investigated.  
1. Sample material 
In this work, all PTFE samples were cut from the same large sheet supplied by Fluoro-Plastics, 
which is nominally 610 × 610 × 1 mm3. The melting point of as-received PTFE was determined to be 
327 °C by a DSC (differential scanning calorimetry) test.  
The real permittivity of as-received PTFE was measured over frequency range from 1 Hz to 1 MHz 
at room temperature by Novocontrol spectrometer, as shown in Figure 37. The error bar was given by 
the Novocontrol spectrometer, which includes the accuracy of the used impedance analyzer and the 
influences of cables and sample holders. The error bar also strongly depends on frequency of 
measurement and the actual sample impedance. As expected, the permittivity of PTFE is extremely 
stable over the whole frequency range.  The mean value and standard deviation of the data points in 
Figure 37 are 2.214 ± 0.001. Since the dissipation factor of PTFE is so small that it is beyond the 
measurement accuracy of this spectrometer over most of the frequency range, the measured values of 
loss factor are not shown here. 
To explore dielectric performance of PTFE at extreme temperatures, the permittivity was also 
measured over temperature range -150 to 300 °C at frequency from 1 Hz to 1 MHz. During 
measurements, the whole sample cell was housed in a temperature-controlled container, in which the 
temperature was gradually increased in 10 °C increments. Figure 38 shows the real permittivity of as-
received PTFE as functions of both frequency and temperature. Drawn with data points from 
Figure 38, Figure 39a shows the real permittivity as a function of temperature at 1.15 kHz. At this 
frequency, ε′ decreases from 2.287 to 1.968 as temperature increases from -150 °C to 300 °C. A 
probable explanation of this behavior is that, as a nonpolar polymer, the polarization of PTFE is 
mainly electronic. In that case, the Clausius-Mossotti equation can be applied, as stated in [114]. 
 !!!!!! = !!! !!!! !                                                                                                                            (43) 
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where N is the number of polarizable entities per unit volume, αe is electronic polarizability, ε0 is the 
permittivity of free space, ε is the relative permittivity of PTFE, M is molar weight and ρ is mass 
density.  Rearranging the above equation gives 
 ! = !!!!!!!!!!!!                                                                                                                                 (44) 
 
Since density decreases as the temperature increases, it can be postulated from the above equation 
that ε′ should decrease slightly with temperature, as the measurements show in Figure 39a.  
Focusing on the temperature range -10 °C to 50 °C in Figure 39b, two step-like decreases in ε′ are 
observed near 19 °C and 31 °C, which can be associated with structural first-order phase transitions at 
these two temperatures [61].  The room-temperature crystalline structure of PTFE (phase IV 
hexagonal) transfers to phase II triclinic below 19 °C by angular displacement [50] and to phase I 
pseudo-hexagonal above 31 °C by crystal disorder [51], which are both accompanied by step-like 
changes of the specific volume. Due to the thermal expansion of the sample capacitor, ε′ of PTFE 
shows two step-like decreases in the vicinity of the phase transition temperatures. 
 
Figure 37 Real permittivity of as-received PTFE as function of frequency at room temperature 
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Figure 38 Real permittivity of as-received PTFE as a function of frequency and temperature 
 
2. Effect of thermal exposure on permittivity 
2.1 Experiment 
For the thermal exposure experiment, rectangular PTFE samples approximately 100 × 80 × 1 mm3 
were cut from the large PTFE sheet. Each sample was large enough to provide three smaller samples 
for subsequent permittivity measurements. The PTFE was heated isothermally at 340 ± 3 °C, a 
temperature above the melting point, in an isotemp muffle furnace for 2, 6, 12, 24, 36, 48, 60, 72, 84 
and 96 hr.   
The PTFE samples for all exposure times were allowed to cool naturally in situ after the furnaces 
were turned off. Doors of the furnaces were not opened during the cooling process.  While in the 
furnace the samples were sandwiched between two stainless-steel plates with mirror finish, to inhibit 
distortion.  Once the samples were completely cool, after 48 hr, their permittivity was measured at 
room temperature over the frequency range 1 kHz to 2 MHz as described in section III. Permittivity 
of as-received PTFE was also measured as baseline data. 
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Figure 39 Real permittivity of as-received PTFE as a function of temperature at 1.15 kHz.  (a): -150 to 300 °C; (b): -10 to 
50 °C 
 
2.2 Result and discussion 
Figure 40 shows the way in which ε′ of PTFE increases as thermal exposure time increases, at four 
frequencies. Thermal exposure at 340 °C for 96 hr increases ε' of PTFE by approximately 2%, which 
is significantly larger than the standard deviation between measurements on three nominally identical 
samples, which is less than 0.1%.  
The increase in real permittivity of PTFE after thermal exposure at 340 °C is attributed to 
enhancement of crystallinity following the heating and cooling processes.  In semicrystalline 
polymers, motion of charge carriers, such as degenerated monomer molecules, can be blocked at the 
 
(a) 
(b) 
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crystalline/amorphous phase boundaries and generate interfacial (Maxwell-Wagner-Sillars) 
polarization [11].  If the crystalline phase grows, the interfacial polarization may be enhanced, 
causing an increase in ε′.  To investigate this hypothesis, X-ray diffraction (XRD) measurements were 
conducted on as-received PTFE and PTFE thermally exposed at 340 °C for 48 hr and 96 hr. After 
thermal exposure, three samples were allowed to cool slowly in situ as described in before.  Three 
other samples were quenched in liquid N2 to inhibit crystallization. While the XRD patterns of the 
PTFE samples all suggest a hexagonal crystal structure is present regardless of thermal history, the 
degree of crystallinity (as measured by peak area) in quickly-quenched PTFE was found to be 0.24 ± 
0.01, versus 0.29 ± 0.01 in as-received PTFE, 0.32 ± 0.01 in PTFE slowly cooled after isothermal 
heating at 340 °C for 48 hr and 0.35 ± 0.01 in PTFE slowly cooled after isothermal heating at 340 °C 
for 96 hr. Hence the increase in ε′ as a function of thermal exposure time, shown in Figure 40, can be 
attributed to increasing crystallinity.  The uncertainties derive from the standard deviation of 
measurements on three nominally identical samples.  
The increase in crystallinity observed in slow-cooled thermally-exposed PTFE compared with as-
received samples supports the observation that ε′ increases following thermal exposure at 340 °C 
(which is higher than the melting point 327 °C) with slow cooling (Figure 40). On the other hand, the 
reduction in crystallinity of quickly-quenched, thermally-exposed PTFE compared with as-received 
samples accompanied a reduction in ε′ of approximately 2%, much larger than the standard deviation 
between measurements of three nominally identical samples (0.2%).  This observation further 
supports the hypothesis that increase in crystallinity is accompanied by an increase in ε′ for the range 
of conditions studied here. 
 An alternative explanation for the increase in ε′ with increasing crystallinity of PTFE can be 
framed in terms of a charge carrier diffusion model. In reference [115] it is suggested that 
development of a heterogeneous structure such as exists in a semicrystalline polymer leads to an 
increase in permittivity of the polymer approaching the formation of a percolating network of the 
conducting amorphous phase. 
The two proposed models offer similar features since the time to explore the percolation structure 
by the charge carriers is equivalent to the time to transfer charges to the micro-capacitors formed by 
semicrystalline structure in the interfacial polarization model.  
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Figure 40 Real permittivity of PTFE as a function of thermal exposure time at 340 °C in air 
 
3. Effect of tensile strain on permittivity 
3.1 Experiment 
As shown in Figure 41, the real permittivity of PTFE is extremely constant over this frequency 
range, which agrees with the statement in section 1. Therefore, subsequent permittivity measurement 
of all samples in this study was conducted only at 100 kHz. 
In order to effectively study the influence of tensile strain on permittivity of PTFE, we designed a 
unique system capable of simultaneous permittivity measurement while a polymer sample is under 
tensile strain. In this way, the influence of mechanical strain on dielectric permittivity of PTFE is 
studied directly. This avoids the difficulty that once the polymer sample is removed from a tensile 
loading frame, the polymer chains may recover to some extent, changing the permittivity and making 
it impossible to successfully study the influence of mechanical strain on dielectric permittivity by 
using any normal dielectric spectrometer.  As shown in Figure 41, the test fixture of an Agilent 
E4980A LCR meter fits in between the two clamps of a tensile loading frame (TestResources Inc., 
Model 150Q250) in order to measure the capacitance of the sample while it is stretched. The 
thickness of the samples was measured by using a micrometer with accuracy of 1 µm, which has a 
pair of small rods tipped with flat, parallel discs that contact the sample and measure its thickness. 
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The diameter of the discs was selected to be similar as that of the capacitor electrodes, so that both the 
capacitance and the thickness were measured over a similar region of the sample.   
 
Figure 41 Experimental arrangement for permittivity measurement while the sample is under tensile strain 
 
All the PTFE samples investigated in this study were cut into approximately 90 mm long, 40 mm 
wide and 0.39 mm thick. The dielectric permittivity of each sample at 100 kHz was measured by 
using the LCR meter before being stretched. The stress-strain curve of a sample was measured using 
the tensile loading frame. Figure 42 shows the true stress of the PTFE sample as function of its strain. 
The sample reveals elastic mechanical behavior below 18 MPa, and fails at approximately 114 MPa 
(true stress) with strain of 190%. In order to ensure successful measurement without failure of PTFE, 
mechanical strains of 25, 50, 75, 100, 125 and 150% are conducted here. To explore the potential 
effect of strain rate, strains of 50, 100, and 150% were achieved by strain rates of 12.7 and 25.4 
mm/min, respectively. Other strains studied were achieved by strain rate 25.4 mm/min. Once the 
assigned strains are obtained, dielectric permittivity and thickness of all stretched samples were 
measured at their centers, at which they were most reliably stretched to the desired strain with 
assigned strain rate. 
Additionally, to study the effect of stress relief, samples with strains of 50, 100, and 150% were 
held in the tensile loading frame for 24 hours, and their permittivity was measured after the strain was 
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Tensile loading 
clamps 
Stand 
Capacitor 
electrodes 
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applied for 1, 2, 4, 6, and 24 hours, respectively. Finally, the load was released and permittivity of all 
the samples was immediately measured again, to explore the effect of recovery of the polymer chains.  
X-ray Diffraction (XRD) was used to examine possible structural changes in PTFE occurring under 
various tensile strains, in order to explore the mechanism of how the mechanical strains influence 
permittivity of PTFE. 
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Figure 42 Stress-strain curve of PTFE 
 
3.2 Results and discussion 
Figure 43 shows the difference between the real permittivity of PTFE with tensile strain and that of 
untreated PTFE, Δεr, as a function of mechanical strain. The real permittivity of PTFE decreases with 
increasing tensile strain, e.g. by approximately 19% for 150% strain. The real permittivity is defined 
to indicate polarization of dielectric materials in the presence of electric field, compared with free 
space. As stated in Chapter II, generally a dielectric material exhibits some or all of the four 
polarization patterns: atomic, ionic, dipolar and interfacial polarization [11]. Given that PTFE is a 
non-polar semicrystalline polymer, its real permittivity is associated with two polaraizaiton patterns: 
the atomic polarization due to shift of the electron clouds in each atom and the interfacial polarization 
due to accumulation of polar groups at interface between the amorphous and crystal phases [11]. 
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Therefore, the decreases in the real permittivity of PTFE could be a result of decrease in either atomic 
polarization or interfacial polarization, or both. However, considering the mechanism of atomic 
polarization as explained above, it is not considered changeable with mechanical strain. On the other 
hand, according to the Fringed Micelle Model [116], the chains of a polymer under mechanical 
loading increase their alignment along the direction in which the loading is applied, hence increasing 
the degree of alignment in the amorphous phase and producing a greater degree of crystallinity. Thus, 
it is hypothesized here that the interfacial polarization of PTFE is declined due to decreased amount 
of polar groups accumulating at the interface, as motion of polar groups is limited as a result of 
increased order in polymer chains.  
In order to test this hypothesis, the degree of crystallinity of samples with tensile strain of 50, 100 
and 150% was determined by XRD tests, immediately upon removal from the loading frame. It is 
observed that the degree of crystallinity increases with mechanical strain. The degree of crystallinity 
of untreated PTFE is 36%, versus 42% for the samples with 50% and 100% strains, and 47% for the 
sample with 150% strain.  The XRD spectra reveal that the crystal structure of strained PTFE at room 
temperature is hexagonal, the same as that of un-strained PTFE [52].  
It was also observed that after the samples were released from the tensile loading frame and 
polymer chains recovered, their permittivity increases. As shown in Figure 44, the real permittivity 
was increased by up to 8% after removal of loading, which, however, is still smaller than that of 
untreated PTFE. Therefore, it is reasonable to conclude that the decrease in the real permittivity of 
PTFE is associated with increased order in polymer chains in the presence of mechanical strain.  
However, minor change in the real permittivity of PTFE was observed during the 24 hours when 
the samples were held with 50%, 100%, and 150% strains. Additionally, the permittivity of PTFE 
stretched with strain rate of 25.4 mm/min shows quantitatively similar permittivity as that stretched to 
the same amount of strain with strain rate of 12.7 mm/min. Thus, it could be conclude that there is no 
obvious influence of stress relief and strain rate on dielectric permittivity of PTFE. 
4. Summary 
Thermal exposure studies on PTFE show increase in real permittivity by approximately 2% 
following isothermal heating at 340 °C for 96 hr. This observation is associated with increase in 
crystallinity that enhances the interfacial polarization between the amorphous phase and crystal phase 
of the polymer. On the other hand, with the presence of mechanical loading, polymer chains of PTFE 
are oriented along the direction of loading, which, however, limits motion of polar groups and 
weakens the interfacial polarization. It is observed that the real permittivity of PTFE was decreased 
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by approximately 19% with mechanical strain of 150%. Increase in degree of crystallinity with 
increasing tensile strain is observed. Upon removal from the loading frame, the oriented polymer 
chains of PTFE recovered to some extent, which increased the permittivity by up to 8%. The strain 
rate by which the PTFE samples were stretched to various strains and the stress relief process while 
the PTFE samples had been stretched for up to 24 hr hardly influences the real permittivity of PTFE. 
 
 
 
 
 
 
 
 
 
 
 
Figure 43 The changes in the real permittivity of PTFE as a function of tensile strain 
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 Figure 44 Open square: the difference between the real permittivity of released PTFE and that of untreated PTFE; solid 
square: the difference between the real permittivity of PTFE with strain and that of untreated PTFE 
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Chapter VI. Ethylene-tetrafluoroethylene (ETFE) 
ETFE (ethylene-tetrafluoroethylene) has been applied as the only wiring insulation material in 
Boeing 747, 767 and 777 aircraft after the 1990s. This chapter describes an investigation of the way 
in which the real permittivity and loss factor of ETFE change after thermal exposure in air for up to 
96 hours. 
1. Sample material 
The ETFE samples studied here were discs nominally 1 mm thick and 63 mm in diameter, which 
were extruded from Tefzel 750® ETFE pellets supplied by Dupont. The heat flow and storage 
modulus as a function of temperature on samples cut from different spots of the extruded discs were 
measured by DSC (Differential Scanning Calorimeter) and DMA (Dynamic Mechanical Analysis), 
respectively.  Good homogeneity in thermal and mechanical properties of the extruded samples was 
verified, as shown in Figures 45a and 45b.  
The real permittivity and loss factor of extruded ETFE was measured over the frequency range 
1 Hz to 1 MHz and the temperature range -150 °C to 210 °C by the Novocontrol Dielectric 
Spectrometer. Three dimensional dependences of ε′ and tan δ are shown in Figures 57a and 57b, 
respectively.  The highest values of ε′ and tan δ, observed at low frequency (below ~10 Hz) and high 
temperature (above ~200 °C) may be due to one or more extrinsic or intrinsic electrical phenomena, 
such as electrode polarization, interfacial polarization and conductivity effects [117].  
Extracting data from Figure 46, the dependence of ε′ and tan δ on temperature at 1.15 kHz are 
shown in Figure 47. Two peaks in the loss factor of ETFE at -80 °C and 92 °C are observed.  These 
are associated with γ- and α-transitions respectively [118]. The two peak temperatures are close to the 
transition temperatures listed in Table 3, -87 °C and 110 °C. The differences in these values are likely 
due to measurement of different material properties by different equipment on slightly different 
samples. 
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Figure 45 Homogeneity of extruded ETFE by (a) DSC; (b) DMA 
(a) 
(b) 
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Figure 46 Real permittivity (a) and loss factor (b) of extruded ETFE as a function of frequency and temperature 
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Figure 47 Real permittivity and dissipation factor of extruded ETFE as a function of temperature at 1.15 kHz 
 
2. Effect of thermal exposure on permittivity 
2.1 Experiment 
Prior to thermal exposure, extruded ETFE discs were annealed isothermally at 60 °C in another 
isotemp muffle furnace for 2 hr prior to thermal exposure. The annealing was done in order to relieve 
residual stress that resulted from the extrusion process and flatten the samples for permittivity 
measurement. When cooled completely, annealed discs were subjected to thermal exposure at 160 ± 2 
°C for 2, 6, 12, 24, 36, 48, 60, 72, 84 and 96 hr. The temperature 160 °C, much lower than the melting 
temperature of 245 °C, was chosen due to significant sample deformation after thermal exposure at 
higher temperatures that prevented successful permittivity measurement. Three discs were exposed 
for each exposure time. 
During the exposure process, all the samples were sandwiched between two stainless-steel plates 
with mirror finish, to inhibit distortion.  After the furnace was turned off, doors of the furnaces were 
not opened until all exposed ETFE samples were naturally cooled down in situ.  Once the samples 
were completely cool, after 48 hr, their permittivity was measured at room temperature over the 
frequency range 1 kHz to 2 MHz. Permittivity of as-extruded ETFE and annealed ETFE samples 
were also measured to provide comparative data. 
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2.2 Result and discussion 
Values for ε′ and tan δ of both extruded and annealed ETFE samples are compared in Figure 48. 
The ε′ of extruded ETFE decreases from 2.599 to 2.539 as frequency increases from 1 kHz to 2 MHz. 
Loss factor, tan δ, increases over this frequency range but is small (below 0.007) even at 2 MHz.  
These results agree with the values listed in Table 3 in Chapter II. It can be observed that ε′ of 
extruded ETFE and annealed ETFE are similar over the frequency range measured and tan δ overlaps 
closely until above 1 MHz.  (The separation below 20 kHz is due to large uncertainty in the 
measurements for low frequencies.)  It can be concluded that the annealing process at 60 °C for 2 hr 
does not influence the dielectric properties of ETFE significantly and it is reasonable to anneal the 
samples prior to thermal exposure at 160 °C for up to 96 hr, for the purpose of relieving residual 
stress. 
Figures 49 and 50 show how thermal exposure duration influences ε′ and tan δ, respectively, of 
ETFE at four frequencies. Since the measurement uncertainty in tan δ is quite large below 20 kHz, 
tan δ at 1.00 and 10.6 kHz are not shown in Figure 50. Figure 49 shows how thermal exposure time 
influences ε' of ETFE at four frequencies.  As exposure time increases up to 96 hr, ε' increases by 
0.05 (approximately 2%, which is significantly larger than the standard deviation between 
measurements on three nominally identical samples, 0.5%). From Figure 50, tan δ is not changed 
significantly by thermal exposure at 112 kHz. At 1.18 MHz, however, tan δ decreases by 11% after 
thermal exposure for 96 hr.  
XRD tests conducted on annealed ETFE and ETFE thermally exposed at 160 °C for both 48 hr and 
96 hr indicated that the degree of crystallinity, 0.65 ± 0.01, was not changed by thermal exposure. 
This is in accordance with results presented in reference [119]. 
On the other hand, mid-infrared (IR) analysis on annealed ETFE and ETFE thermally exposed at 
160 °C for 96 hr has revealed chemical changes in ETFE following thermal exposure. The absorbance 
spectra are shown in Figure 51. Similar peaks corresponding to the presence of CF2 at 1460 cm-1, and 
C–H at 2850 cm-1 and 2890 cm-1 are observed in both spectra. However, the spectrum of thermally-
exposed ETFE contains an extra peak at 1680 cm-1, corresponding to the C=O group, and a much 
higher and broader –OH peak at 3450 cm-1. These indicate that chemical changes occurred during 
thermal exposure of ETFE, including oxidation and dehydrofluorination [120]. Oxidant thermal 
exposure accompanied by chain breakage and polar group formation can increase dielectric 
permittivity of polymers by enhancing their charge carrier mobility. It has been reported [121] that 
chain breakage can decrease polymer viscosity by reducing average molecular weight, which 
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increases the charge carrier mobility. The formation of polar groups can also promote the charge 
carrier mobility in ETFE. The decrease in tan δ at 1.18 MHz, shown in Figure 50, is also attributed to 
the additional polar groups formed during thermal exposure [122]. 
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Figure 48 Real permittivity and dissipation factor of extruded and annealed ETFE as a function of frequency at room 
temperature 
 
 
Figure 49 Real permittivity of ETFE as a function of thermal exposure time at 160 °C 
 
0 20 40 60 80 100
2.55
2.56
2.57
2.58
2.59
2.60
2.61
2.62
2.63
2.64
2.65
R
ea
l p
er
m
itt
iv
ity
, ε
'
Thermal exposure time (hr)
 f = 1.00 kHz
 f = 10.6 kHz
 f = 112 kHz
 f = 1.18 MHz
85 
 
 
 
0 20 40 60 80 100
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
Lo
ss
 fa
ct
or
, t
an
 δ
 (1
0-
3 )
Thermal exposure time (hr)
 f = 112 kHz
 f = 1.18 MHz
 
Figure 50 Dissipation factor of ETFE as a function of thermal exposure time at 160 °C 
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 Figure 51 Mid-IR spectra of annealed ETFE and ETFE thermally exposed at 160 °C for 96 hr 
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3. Summary 
Approximately 2% increase in the real permittivity and 11% decrease in the loss factor of ETFE are 
observed after thermal exposure at 160 °C for 96 hr in air. These observations are considered as a 
result of oxidation and dehydrofluorination during the heating process, which give rise to formation 
of polar groups.  
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Chapter VII. Polymethylmethacrylate- montmorillonite 
nanocomposites 
In this work, polymethylmethacrylate (PMMA) composites with a mixture of exfoliated and 
intercalated montmorillonite (MMT) nanoparticles were prepared with PMMA/MMT ratios of 100/5 
and 100/10. Havriliak-Negami (HN) function extended with an exponential function was used to 
model dielectric relaxations and conductivity effect of the nanocomposites and a pure PMMA sample. 
The effect of MMT content on dielectric properties of the nanocomposites was investigated. 
1. Material Synthesis & Permittivity Measurement 
The methylmethacrylate, MMA, monomer (99%, stabilized) employed in all experiments was 
purchased from Acros Organics. The radical initiator, benzoyl peroxide, BPO, (97% dry weight) was 
obtained from Alfa Aesar. The MMT clay (Cloisite 20A) was provided by Southern Clay Products 
(Gonzales, TX, USA). Cloisite 20A is a Na-MMT modified with dimethyl dehydrogenated tallow 
ammonium. The clay particles have a thickness of 1nm, and equivalent diameter from 100 nm to 
approximately 10 microns. 
The stabilizing inhibitor was removed from MMA by washing the monomer three times with a 
10% NaOH aqueous solution, followed by three washes with distilled water. The purified monomer 
was dried using molecular sieves. The first step in the composite preparation was the dissolution of 
initiator in the monomer, followed by the addition of the filler, MMT. The molar ratio MMA / BPO 
was maintained at 1 / (2 x 10-3) in all systems. The ratio MMA/MMT was 100/5 and 100/10; 
compositions of the samples are listed in Table 11. The systems were sonicated and mixed at 1-2 
minute intervals employing a horn sonicator. Following sonication the systems were centrifuged for 
approximately one minute to remove possible air bubbles. The sequence sonication, followed by 
mixing and centrifugation, was repeated five times for each sample. The in-situ polymerization of the 
two systems was carried out in an oven at 80 °C overnight. Following this procedure, the binary 
nanocomposites were prepared. The composition of each sample is described in Table 11. 
As shown in Figures 52 and 53, the nanoclay particles in 5MMT and 10 MMT are homogenously 
dispersed on nano-size level. In both the two samples, silicate layers of MMT are intercalated and 
exfoliated by the PMMA matrix. Compared with 5MMT, silicate layers in 10MMT appear to be more 
severely intercalated. 
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Table 11 Sample composition of PMMA-MMT nanocomposites 
 Sample composition 
Sample name MMT MMA 
5MMT 5 100 
10MMT 10 100 
 
 
Figure 52 TEM images of 5 MMT 
 
 
Figure 53 TEM images of 10 MMT 
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The complex permittivity of the two nanocomposites and a pure PMMA sample was measured by 
using the Novocontrol Dielectric Spectrometer, attached with the standard sample cell housed in a 
temperature-controlled chamber. The measurement was carried out with applied voltage of 1 V, over 
frequencies from 0.01 Hz to 1 MHz and temperatures from 30 to 150 °C with increment 10 °C. No 
test at higher temperature was carried out as PMMA can decompose at approximately 160 °C. The 
measured permittivity data were used to model frequency dependence of dielectric relaxations and 
low-frequency conduction based on theoretic functions, as described in section 2. 
2.   Modeling 
Three dielectric relaxations are observed in PMMA-MMT nanocomposites: α-, β- and MWS 
relaxations. Apart from these, there is conduction at low frequency. Given the contribution of free 
charge carriers at low frequency, there is always a tail of the loss maximum because of conduction. 
The conductivity term of the nanocomposites is expected to be much stronger compared with pure 
PMMA, due to electrical conduction introduced by ions in the MMT nanofillers. Since the four 
dielectric phenomena are usually merged together [9], theoretical functions are necessary to separate 
the dielectric phenomena for analyzing the frequency dependence of dielectric relaxations and low-
frequency conduction of the nanocomposites. 
Four classical dielectric relaxation functions have been developed and widely applied: Debye, 
Cole-Cole, Davidson-Cole, and Havriliak-Negami (HN) functions. Out of these four, the HN function, 
equation (45), introducing asymmetric distributions of relaxation times, has been considered 
advantageous to analyze dielectric relaxation of polymeric materials. [123] 
 
                                 (45) 
 
 
where, ε* is the complex permittivity; ε∞ is the permittivity at a frequency higher than those of any 
mechanisms of interest; ∆ε defines the strength of the relaxation process over the frequency range, ∆ε 
= ε0 – ε∞; τ0 is the characteristic relaxation time, which depends on temperature; a and b are two shape 
parameters that can be determined from the experimental data of dielectric complex permittivity. a is 
a measure of the peak height of dielectric relaxation: as the a increases, the peak height decreases. b is 
a measure of the width of the distribution of relaxation times. Conventionally, b>0.9 corresponds to a 
single relaxation time process, the relaxation is considered as symmetric and a pure Debye type 
relaxation. [4] 
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Considering the contribution of free charge carriers to the low frequency tail of the loss maximum, 
a conductivity term, represented by an exponential function, was added to the HN function to model 
frequency dependence of the imaginary permittivity [124]. 
 
                                                                                                                                                         (46) 
 
where σ is a fractional exponent that represents charge transport process of solids, it always 
lies between 0 and 1. In this work, the two theoretic functions are applied to model the dielectric 
relaxations in PMMA-MMT nancomposites, 
One criterion for the best fit between experimental and modeled data is that the least square 
difference between them is the smallest. Here, the sequence of modeling the four dielectric 
phenomena is considered important for obtaining the best fit to experimentally measured imaginary 
permittivity. Below the glass transition temperature, the β-relaxation is separated from other 
relaxation processes. Therefore, the β-relaxation was selected as the first one to model. By removing 
the effect of the β-relaxation over frequency from 0.01 to approximately 50 Hz, the MWS relaxation 
is then modeled. Third, the conductivity term is modeled by using the exponential function, after 
removing the effect of both β- and MWS relaxations from the data. HN parameters, including a, b and 
∆ε, for each of the three dielectric relaxations were refined by eliminating effect of the other two over 
the frequency range that it dominates.  On the other hand, above the glass transition temperature, the 
α-relaxation can be observed. However, as the strength of α-relaxation is not as strong as that of the 
MWS relaxation or the conductivity effect, the α-relaxation was lastly modeled. Again, the HN 
parameters and conductivity parameters for each of the four dielectric phenomena were refined by 
eliminating effect of the other three. Moreover, all those parameters were further refined by using 
increment of 0.001 in their value. Using the recursive sequence of modeling described above, the 
frequency dependence of dielectric relaxations and low-frequency conduction of both 5MMT and 
10MMT nanocomposites are modeled and compared with experimental data. Similarly, the α-
relaxation, β-relaxation and conduction of the pure PMMA were also modeled. 
3. Results 
The frequency dependences of the experimental data were modeled at each measuring temperature. 
In this paper, the plots for 50, 100 and 150 °C of PMMA, 5MMT and 10MMT are shown in Figures 
54-62 to demonstrate the model fit below Tg, above Tg and at high temperatures where the 
( ) ( )'' ''
HN
A σε ω ω ε ω− ⎡ ⎤= + ⎣ ⎦
91 
 
 
 
conductivity term is very strong. It is observed that the peaks of the MWS relaxation are always 
between 0.01 to 1 Hz, whereas the peaks of the β-relaxation of the two nanocomposites are located at 
higher frequencies. Above Tg, the α-relaxation appears between 0.01 Hz and 100 Hz.  It is also 
observed that the strength of conduction increases with temperature and MMT content. The HN 
function parameters, ∆ε, a and b, as well as effect of increasing content of MMT nanofiller on 
dielectric properties of the composites will be compared with those of the pure PMMA and discussed 
in detail in section 4. 
 
 
Figure 54 Imaginary permittivity of PMMA at 50 ºC 
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Figure 55 Imaginary permittivity of PMMA at 100 ºC 
 
Figure 56 Imaginary permittivity of PMMA at 150 ºC 
 
 
Figure 57 Imaginary permittivity of 5MMT at 50 ºC 
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Figure 58  Imaginary permittivity of 5MMT at 100 ºC 
 
 
Figure 59 Imaginary permittivity of 5MMT at 150 ºC 
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Figure 60 Imaginary permittivity of 10MMT at 50 ºC 
 
 
Figure 61 Imaginary permittivity of 10MMT at 100 ºC 
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Figure 62 Model fitting of the imaginary permittivity of 10MMT at 150 ºC 
 
4. Discussion 
4.1 Dielectric relaxations 
The characteristic frequency of α-, β- and MWS relaxations are plotted as functions of 
reciprocal temperature are plotted in Figure 63.  
The glass transition temperature of both 5MMT and 10MMT are determined to be 
approximately 80 °C, versus 100 °C for PMMA. As the content of MMT increases, the 
characteristic frequency of the β- and MWS relaxations decrease, while that of the α-
relaxation increases. It is also observed in Figure 63 that the characterization frequency of the 
α-relaxation increases with content of MMT. As silicate layer in MMT segregate the PMMA 
polymer chains into small domains, the α-relaxation, which is due to motion of main polymer 
chain, can take place at lower temperature and within shorter time [83]. The frequency of the 
α-relaxation of PMMA is independent of temperature above Tg. On the other hand, the α-
relaxation both 5MMT and 10MMT follows the Vogel-Fulcher law:  
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                                                                                             (47) 
Therefore, log f is a linear function of 1/(T-T0). It is stated in reference [125] that T0 is usually 
30 to 70 degrees lower than Tg. Here, when T0 is equal to 10 °C (283 K), which is 70 degrees 
lower than Tg, a nice linear curve can be obtained, as shown in Figure 64. Constant B of the 
α-relaxation of 5MMT is determined to be 1001.39, versus 810.19for 10 MMT. 
The β-relaxation of both 5MMT and 10MMT reveal a linear relationship between log 
frequency and reciprocal of temperature, indicating that the β-relaxation of the 
nanocomposites follows the Arrhenius law: 
 
                                                                                                             (48) 
 
where f is the characteristic frequency; T is the measurement temperature; f0 is a 
phenomenological parameter; Ea is the activation energy of dielectric relaxation; R is the gas 
constant. By plotting the dependence of log f on 1/T, the activation energy can be obtained 
from slope of the line. The Arrhenius plot of the β-relaxation of PMMA in Figure 63 shows a 
change in slope at its Tg, which is a result of coupling between α- and β-relaxations. On the 
other hand, the straight lines for 5MMT and 10MMT indicate that the coupling is suppressed 
in the PMMA-MMT nanocomposites. The activation energy of the β-relaxation of PMMA is 
determined to be 78.98 kJ/mole below Tg and 119.46 kJ/mole above Tg, while that of 5MMT 
is 76.65 kJ/mole and that of 10MMT is 69.51 kJ/mole. Thus, the activation energy of the β-
relaxation decreases with MMT quality. 
The characteristic frequency of the MWS relaxation of 5MMT is independent of 
temperature, but at Tg, the characteristic frequency increases significantly, from 0.06 to 1.13 
Hz. On the other hand, the MWS relaxation of 10MMT obeys an Arrhenius law above the 
glass transition temperature, and its activation energy is determined to be 77.0 kJ/mole. This 
observation agrees with the statement in references [126] [127]. However, below the glass 
transition temperature, the characteristic frequency of MWS relaxation is independent of 
temperature. It is speculated here that the number of free charges blocked at the interfaces is 
not increased by increasing temperature of the glassy state, below Tg. In the glassy state the 
0 exp a
Ef f
RT
−⎛ ⎞= ⎜ ⎟
⎝ ⎠
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molecules are frozen in place, and do not display any segmental motion. Over the whole 
measurement temperature range, peaks of the MWS relaxation of 10MMT are located at 
higher frequencies than that of 5MMT. The shift of the relaxation peak to higher frequencies 
in 10MMT indicates that the aptitude of the ions to be polarized at interfaces increase as the 
concentration of MMT nanofillers in the composites increases. [126] 
The HN function parameter of the dielectric relaxations, ∆ε, is plotted against reciprocal of 
temperature in Figures 65-67. ∆ε is a measure of relaxation strength. As shown in Figures 65 
and 64, the strength of the α- and β-relaxations increases with weight fraction of MMT 
nanoparticles, which is considered as a result of loosened molecular packing of the polymer 
chains [128]. The strength of the MWS relaxation is not influenced by weight fraction of 
MMT nanofillers below Tg, as shown in Figure 67. However, above Tg, ∆ε of 10MMT is 
much higher than that of 5MMT, in association with the greater number of free charges that 
come to be blocked at the interfaces, thus increasing the MWS/interfacial polarization [126].  
The other HN parameters, a and b, of the dielectric relaxations are plotted in Figures 68-
70. It is observed that a of the α-relaxation of PMMA, 5MMT or 10MMT changes with 
temperature. For PMMA and 5MMT, it decreases with temperature at lower temperatures but 
increases with temperature above 130 and 110 °C, respectively, which are 30 °C higher than 
their Tg. Opposite conditions are observed for a of the α-relaxation of 10MMT. On the other 
hand, as shown in Figures 69 and 70, a of the β- and MWS relaxations of PMMA, 5MMT 
and 10 MMT are considered similar over the whole temperature range: within 0.05 of each 
other for the β –relaxation and 0.1 for the MWS relaxation. This indicates that peak height of 
the β –relaxation of the two samples is much higher than that of the MWS relaxation. From 
Figures 68-70, it is concluded here that the α-relaxation of PMMA and 5MMT is asymmetric, 
while that of 10MMT is symmetric. On the other hand, the β -relaxation of PMMA, 5MMT 
and 10MMT is all symmetric. However, the MWS relaxations of 5MMT and 10MMT are 
both asymmetric.  
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Figure 63 Arrhenius plot of the characteristic α-, β- and MWS relaxation frequencies of PMMA, 5MMT and 10MMT 
 
0.008 0.010 0.012 0.014
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
lo
g 
f, 
α
-r
el
ax
at
io
n
1/(T-283) (K-1)
 5MMT
 10MMT
 
 
Figure 64 The linear dependence of log f of α- relaxation of 5MMT and 10MMT on 1/(T-283) 
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Figure 65 ∆ε of the α-relaxation of PMMA, 5MMT and 10MMT 
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Figure 66 As for Figure 74 but for the β-relaxation  
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Figure 67 ∆ε of the MWS relaxation of 5MMT and 10MMT  
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Figure 68 HN parameters, a and b of the α-relaxation of 5MMT and 10MMT 
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Figure 69 As for Figure 77 but for the β-relaxation  
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Figure 70 HN parameters, a and b of the MWS relaxation of 5MMT and 10MMT 
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4.2   Conduction 
Figures 71 and 72 show the parameters of the conductivity term, A and σ (Equation (46)), 
of PMMA, 5MMT and 10MMT as functions of reciprocal temperature. At the two lowest 
measuring temperatures, 30 to 70 ºC for PMMA and 30 to 40 ºC for the nanocomposites, 
there are not enough experiment data at low frequency to model the conductivity term 
accurately. Thus, A and σ at those temperatures are not included in the two figures.  
As shown in Figure 71, the strength of conduction increase significantly with increasing 
temperature and weight fraction of MMT nanofiller. This observation can be explained by 
the fact that the motion of ions in the nanocomposites is increased at high temperatures and 
that the quantity of available ions increases with increasing MMT. 
Figure 72 shows σ of PMMA, 5MMT and 10MMT as a function of reciprocal temperature. 
Our data agree with the statement in reference [123] that σ always lies between 0 and 1 over 
the whole frequency range. Even though the σ curve of the nanocomposites shifts to lower 
temperature, the shape of the curves for PMMA, 5MMT and 10MMT is similar, indicating 
that content of MMT does not influence the way in which charges transport in these 
nanocomposites. The dependence of σ on temperature does change, however, at Tg and 100 
°C, implying that the mechanism of charge transport in PMMA and the nanocomposites also 
changes at these temperature.  The way in which charge transports in disordered solids under 
AC electrical field is usually described by one of four classical models [129]: the polaron 
tunneling model [130] [131] where the exponent σ increases with increasing temperature; the 
correlated barrier hopping model [132] which predicts σ decreases with increasing 
temperature, the quantum mechanical tunneling [130] and the symmetric hopping model 
(random free energy barrier) [133] in both of which σ is considered temperature independent. 
Above 100 °C, σ is close to 1, corresponding to pure conduction process (or ohmic contacts) 
due to the highly enhanced motion of charges at high temperatures [124]. Below 100 °C, σ 
shows different dependence on temperature below and above Tg, implying that the 
conduction mechanism changes at the glass transition temperature. Below Tg, σ decrease 
slightly with temperature, which can be explained by the correlated barrier hopping model: 
thermally activated charge carrier jumps over energy barrier [130]. Above Tg, σ increase 
slightly with temperature, and could be represented by the polaron tunnelling model, in 
103 
 
 
 
which the polaron energy is derived from polarization changes in the deformed structure [130] 
[134].  
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Figure 71 Conductivity parameter, A, of PMMA, 5MMT and 10MMT 
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Figure 72 Conductivity parameter, σ, of PMMA, 5MMT and 10MMT 
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5. Conclusions 
Nanocomposites with a mixture of exfoliated and intercalated MMT were prepared by in-situ 
polymerization of PMMA with PMMA/MMT weight ratios of 100/5 and 100/10. It is observed that 
the real permittivity of the nanocomposites increases with temperature and quality of MMT 
nanoparticles, especially below 0.2 Hz, which is considered as a result of the MWS relaxation and 
electrical conduction introduced by adding MMT nanofillers.  
Dielectric relaxation and conduction processes of the nanocomposites and a PMMA sample were 
analyzed by using HN function and an exponential function, respectively. The model superposition 
shows good fitting to experimental data at all the measuring temperatures. It is observed that with 
increasing content of MMT nanofillers, the characteristic frequency of the α-relaxation of PMMA is 
increased; while the characteristic frequency of its β-relaxation decreases with weight fraction of 
MMT, which results in decreasing of activation energy. The characteristic frequency of the MWS 
relaxation is highly depend on the glass transition temperature, but increases with content of MMT as 
the aptitude of the ions to be polarized at the interface is more significant. The strength of the three 
dielectric relaxations and low-frequency conduction is significantly increased with increasing amount 
of MMT nanoparticles. The mechanism of low-frequency conduction changes from the correlated 
barrier hopping model to the polaron tunnelling model at the glass temperatures, and becomes near 
pure conduction above 100 °C. 
The HN and exponential functions are considered as competent to model dielectric relaxations and 
low frequency conduction of polymer nanocomposites. It could be interesting to develop other 
polymer-MMT nanocomposites and analyze the effect of MMT nanofiller on dielectric properties of 
the composite materials by using the functions.  
      
 
 
 
 
 
  
105 
 
 
 
Chapter VIII. Conclusion 
The research presented in this thesis is motivated by two current concerns for electrical wiring 
insulation materials: i) the aging of polymeric insulations that have been widely used for decades and 
ii) the development of new dielectric materials with advanced insulating properties.  
Chapters IV, V and VI of the thesis report the investigation of the deterioration of insulating 
function of three insulation polymers in association with changes in their material characteristics 
during various environmental aging processes. The findings of these investigations have successfully 
answered questions related to how electrical signatures of insulation material change over time with 
respect to environmental aging, and can be used to develop a library containing relationships between 
material characteristics and insulation performances. 
By modeling permittivity of a polymer-clay nanocomposite using a parametric approach, Chapter 
VII presents analysis of the influence of content and dispersion of nanoclay particles on molecular 
relaxation dynamics, polarization processes and conduction mechanisms of PMMA-MMT 
nanocomposites. The results presented in Chapter VII partially fill the gap in understanding of how 
dielectric properties of nanocomposite materials depend on the loading of nanofillers. The results can 
also guide the processing of polymer-clay nanocomposites on the purpose of applying the material in 
electrical insulation in the near future. 
1. Aged polymers 
Thermal exposure in air and immersion in water/saline of PI has been found to lead to significant 
deterioration of insulating performance of PI, Chapter IV. After either the heating process or 
immersion in water/saline, the real permittivity and loss factor of PI are increased substantially, there 
is a significant decrease in dielectric breakdown strength and a more dense dispersion of electrical 
weak points are observed.  These observations are explained in terms of chemical degradation due to 
pyrolysis of imide groups during thermal exposure and formation of ionic side groups during the 
hydrolysis process of PI while immersed in water. However, dissolved sodium chloride shows no 
significant influence on dielectric properties of PI immersed in saline solutions. Results of a study on 
the influence of thermal exposure and tensile strain on permittivity of PTFE are presented in Chapter 
V. An increase of approximately 2% in the real permittivity of PTFE is observed following 
isothermal heating at 340 °C for 96 hr, due to associated increase in crystallinity that enhances the 
interfacial polarization between the amorphous and crystal phases of the polymer. On the other hand, 
the real permittivity of PTFE was observed to decrease by approximately 19% as a consequence of 
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150% mechanical strain, due to increase in the degree of crystallinity as a consequence of enhanced 
alignment of polymer chains along the direction of loading. The observation is attributed to the more 
ordered structure which limits motion of polar groups and weakens the interfacial polarization. 
Results of a study on the effect of thermal exposure at 160 °C for 96 hr in air on permittivity of ETFE 
are presented in Chapter VI. The 2% increase in the real permittivity and 11% decrease in the loss 
factor of ETFE are considered in association with oxidation and dehydrofluorination of ETFE during 
heating, which give rise to formation of polar groups and enhance polarization in the polymer with 
presence of electrical field. 
2. PMMA-MMT nanocomposites 
Results of a study on the dielectric properties of PMMA-MMT nanocomposites are presented in 
Chapter VII. Nanocomposites with a mixture of exfoliated and intercalated MMT (montmorillonite) 
were prepared by in-situ polymerization of PMMA with PMMA/MMT ratios of 100/5 and 100/10. 
Dielectric spectroscopy of the samples was conducted from 0.01 Hz to 1 MHz over a temperature 
range of 30 to 150 ºC to investigate the effect of MMT loading on conductivity, interfacial 
polarization/Maxwell-Wagner-Sillars (MWS) relaxation and the relaxation dynamics of the 
nanocomposites. It is observed that the real permittivity of the nanocomposites increases with 
temperature and amount of MMT nanoparticles, especially below 0.2 Hz, which is considered as a 
result of the MWS relaxation and electrical conduction introduced by adding MMT nanofillers.  
The Havriliak-Negami function was applied to model frequency dependence of the MWS, α- and β- 
relaxations. The conduction observed at low frequencies was modeled by using an exponential 
function. As MMT content increases it is observed that the strength of the dielectric relaxations and 
conduction increases marginally. However, the characteristic frequencies of the relaxations change in 
different ways.  The characteristic frequency of the α-relaxation of PMMA is increased, while the 
characteristic frequency of its β-relaxation decreases with increasing weight fraction of MMT, which 
results in an observed decrease of the activation energy for the β-relaxation. The character of the 
MWS relaxation changes at the glass transition temperature,   due to associated increase in the 
number of ions available to be polarized at the interfaces. It is also observed that the mechanism of 
low-frequency conduction is independent of MMT content but changes from the correlated barrier 
hopping model to the polaron tunnelling model at the glass temperature, and becomes near pure 
conduction above 100 °C. 
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One contribution of this thesis has been to explore the influence of environmental aging processes 
on dielectric parameters and insulating performance of three polymers that have been widely used as 
electrical insulation materials for several decades. Secondly, the dielectric properties, molecular 
relaxations and conductivity of one of a class of nanocomposite materials, that are considered 
promising as next-generation electrical insulation materials, has also been studied as a function of 
nano-filler content. 
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